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ABSTRACT. Objective. Dysregulation of proteasome subunit β1i expression has been shown in total blood
mononuclear cells (PBMC) from patients with primary Sjögren syndrome (pSS), a B cell-driven
systemic autoimmune disorder. 
Methods. Proteasome activation was investigated in sorted blood cells from patients with pSS and
controls by measuring transcript levels of constitutive (β1/β2/β5) and corresponding immunopro-
teasome catalytic subunits (β1i/β2i/β5i) using real-time PCR. At protein level, β1i protein
expression was analyzed by immunoblotting. Functional effects of proteasome inhibition on proteo-
lytic activity and induction of apoptosis were also evaluated in cellular subsets.
Results. The proteasome was found to be activated in pSS, with upregulation of gene expression of
catalytic proteasome subunits. Western blot analysis revealed decreased β1i protein expression in
pSS B lymphocytes, with decreased protein despite increased messenger RNA (mRNA) levels. After
proteasome inhibition in vitro, proteolytic activity was less reduced and resistance to apoptosis was
increased in B lymphocytes compared to other cells.
Conclusion. In pSS, catalytic subunits of the proteasome are upregulated at the mRNA level, while
dysregulation of subunit β1i is attributed to B lymphocytes. B cell resistance after proteasome
inhibition differs from the classical concept of increased susceptibility toward inhibition in activated
cells, supporting the novel notion that susceptibility depends on cellular intrinsic factors and on
proteasome activation. (First Release March 15 2013; J Rheumatol 2013;40:663–73; doi:10.3899/
jrheum.120680)
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Primary Sjögren syndrome (pSS) is a systemic autoimmune
disorder of unknown etiology affecting exocrine cells and
different organs1,2. It is characterized by strong activation of
B lymphocytes, with hypergammaglobulinemia, production
of autoantibodies, complement activation, formation of
germinal center-like structures, and development of B cell
non-Hodgkin lymphoma3,4. The targeted tissue is infiltrated
by B and T lymphocytes (CD4+/CD8+), macrophages, and
dendritic cells (DC)5,6,7. The autoimmune process is
dominated by an interferon (IFN) type 1 signature8,9.
The ubiquitin proteasome system (UPS) is pivotal for

regulation of essential cellular processes such as tran-
scription, cell cycle, differentiation, apoptosis, and antigen
presentation10,11,12,13,14,15. The 20S catalytic core of the
constitutive proteasome consists of 2 α and 2 β rings, each
with 7 subunits (α1-7/β1-7/β1-7/α1-7). Activity residues
are localized only in subunits β1 (also called delta), β2 (Z),
and β5 (MB1)16,17,18. Under the influence of proinflam-
matory cytokines (e.g., IFN, tumor necrosis factor-α),
structure and catalytic properties are modified and consti-
tutive subunits are substituted by 3 alternative (or immuno)
catalytic subunits: β1i (also called LMP2), β2i (MECL1),
and β5i (LMP7), forming the immunopro-
teasome19,20,21,22,23,24. This was shown to alter antigenic
peptide generation for MHC class I presentation by
enhancing cell-surface expression of specific patho-
gen-derived epitopes, and influencing presentation of
self-peptides for T lymphocyte education25. These UPS
functional modifications might also be important for patho-
genesis of different degenerative, metabolic, inflammatory,
and autoimmune disorders. The UPS has been the subject of
major interest because its inhibition has led to very good
treatment responses in multiple myeloma26 and mouse
models of systemic lupus erythematosus27.
To date, most data on effects of proteasome inhibition are

available for bortezomib, a specific inhibitor of chymo-
trypsin activity of 20S proteasomes, which was approved for
treatment of multiple myeloma28,29,30. Such inhibitors of
catalytic proteasome function have been extensively tested
in different cellular lines and animal models of neoplastic,
autoimmune, and inflammatory diseases, proving their
effect on activation and survival of different cells such as
monocytes, B cells, and T cells27,31,32,33. Therefore, it is
clear that the UPS plays a central role in the pathogenesis
not only of neoplastic, but also of systemic inflammatory
and autoimmune diseases by controlling nuclear factor-κB
(NF-κB) activation, cell cycle, and apoptosis.
To date, UPS analysis in pSS revealed messenger RNA

(mRNA) upregulation of some proteasome components in
peripheral blood mononuclear cells (PBMC) and in minor
salivary glands9,34,35. Additionally, β1i transcription was
upregulated but protein expression was reduced in PBMC34.
To evaluate the expression of UPS catalytic components and
a possible link with pSS pathophysiology, we measured

gene expression of all catalytic constitutive and immuno-
proteasome subunits in sorted PBMC subsets (e.g.,
CD4+/CD8+ T lymphocytes, B lymphocytes, monocytes,
DC) from patients with pSS and healthy controls, and we
performed first measurements of protein expression.
Further, we investigated the effects of proteasome
inhibition with bortezomib on proteolytic activity and
induction of apoptosis. This allowed us to estimate UPS
activation and the influence of proteasome inhibition on
immune-competent blood cellular subsets in patients with
pSS.

MATERIALS AND METHODS
Patients and controls. Patients with pSS diagnosed according to the
US-European classification criteria36 who visited the outpatient consulting
unit of the Department of Rheumatology and Clinical Immunology,
Charité–Universitaetsmedizin Berlin, were included. This study was
performed after approval by the local ethics committee. Written consent
was obtained from patients and controls before blood samples were taken.

A total of 25 patients with pSS were recruited for analysis (mean age
58.2 yrs, SD ± 11.9; 22 women and 3 men). All tested positive for anti-
nuclear antibodies, while 21 (84%) were positive for anti-Ro antibodies,
and 11 (44%) were positive for anti-La antibodies. None were treated with
compounds known to influence either proteasome expression or
proteasome functionality. For comparison, a total of 33 healthy donors
(mean age 40.0 yrs, SD ± 10.7; 26 women and 7 men) were included.
Because of limited sample quantity, it was not possible to perform all
experiments in the same patients at the same timepoint. Therefore, mea-
surement of gene expression of proteasome subunits in cell subsets was
performed in samples from 14 patients with pSS and 12 controls. Protein
expression of β1i in B lymphocytes was analyzed in samples from 8
patients with pSS and 8 controls. Functional analysis after proteasome
inhibition was performed in samples from 12 patients with pSS and 13
controls. 
Isolation of PBMC and cellular subsets. PBMC were isolated from 50–60
ml peripheral blood by standard density gradient centrifugation with Ficoll
(GE-Healthcare). Half the cells were used for FACS and the other half for
magnetic-activated cell sorting (MACS).

FACS of CD14+ monocytes, CD4+ and CD8+ T lymphocytes, and
CD19+ B lymphocytes was done using a FACSDiva flow cytometer and
FACSDiva software (BD Biosciences). With the applied gating strategy,
CD4+ and CD8+ T lymphocytes were isolated from gated CD3+ T lympho-
cytes, while CD14+ monocytes and CD19+ B lymphocytes were isolated
from non-CD3 cells. For this, PBMC were marked with allophyco-
cyanin-labeled (APC)-anti-CD3 (clone SK7), FITC-labeled anti-CD14
(clone MØP9), phycoerythrin (PE)-labeled anti-CD19 (clone SJ25C1; all
BD Biosciences), PE-Cy5-labeled anti-CD4 (clone S3.5), and 
PE-Cy7-labeled anti-CD8 (clone 3B5; both CALTAG-Invitrogen). Cell
vitality was assessed with 4’,6-diamidino-2-phenylindol (DAPI; Molecular
Probes-Invitrogen). 

MACS of total DC was done with the Blood Dendritic Cell Isolation
Kit-II (Miltenyi-Biotec). Afterward, the purity of DC was controlled by
FACS (FACSCalibur; BD Biosciences) with the following antibodies:
FITC-anti-BDCA2 (CD303, plasmacytoid-DC marker), PE-anti-BDCA1,
and APC-anti-BDCA3 (both myeloid DC markers; all Miltenyi-Biotec).
Dead cells were discriminated using DAPI.
RNA isolation, reverse transcription, and real-time PCR. RNA was isolated
with RNeasy kit (Qiagen), and RNA integrity and quantity were controlled
on Bioanalyzer 2100 (Agilent Technologies). Reverse transcription was
normalized based on RNA concentration (1 µg/reaction) and was
performed using oligo(dt) primers and Superscript-II (Invitrogen). 

Real-time PCR was done with SYBR Green PCR Master Mix (Applied
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Biosystems) and 10 pmol from each forward/reverse primer. Primers for
PCR were designed and used as described37. Amplifications were run in
triplicates for each cDNA sample/primer pair using the ABI Prism 5700
Sequence Detection System (Applied Biosystems), as follows: initial step
2 min at 50°C; denaturation 10 min at 95°C; 40 cycles of 95°C for 15 s,
63°C for 30 s, and 72°C for 30 s. 
Protein electrophoresis, Western blotting, immune detection. Cells were
lysed (buffer 20 mM Tris-HCl, pH 7.2, 1 mM EDTA, 1 mM azid, 1 mM
dithiothreitol, added to 0.1% Nonidet-NP40; all Sigma-Aldrich), and
protein concentration was measured using Pierce BCA Protein Assay Kit
(Thermo Scientific). For electrophoresis (EF), samples were normalized
based on protein concentration (10 µg protein/run). Empty lanes served
as blank. EF was performed with 5% stacking and 15% resolving
acrylamide gels in SDS buffer for 90 min at 90 volts (Hoefer, Pharmacia).
Afterward, samples were transferred by continuous semidry blotting 
(PeqLab-Biotechnologies) to a PVDF-Immobilon-P membrane (Millipore). 

Incubation and washing (phosphate buffered saline/3% Tween-20)
steps for immune detection were performed at room temperature.
Unspecific binding sites were blocked with RotiBlock (Roth). Membranes
were incubated with self-made polyclonal rabbit antibodies against
proteasome subunit β1i (AB620/621). Reactivity of self-made antibodies
was validated previously by comparison with commercial monoclonal
antibodies against β1i (clone LMP2-13; Enzo Life Sciences). Anti-rabbit
immunoglobulin-POD conjugate (Dianova) was used as secondary
antibody. Reaction was detected by enhanced chemiluminescence (ECL)
using Amersham ECL-Plus Western Blotting Detection System (GE
Healthcare). Exposure time was always 1 min.

β-actin was subsequently detected for estimation of protein expression.
Membranes were washed, incubated with mouse-anti-human β-actin (Santa
Cruz) as primary antibody, and anti-mouse immunoglobulin-POD
conjugate (Dianova) as the secondary one. ECL reaction was detected as
described. 
Estimation of gene and protein expression. After real-time PCR, gene
expression of proteasome subunits was estimated by comparison with the
housekeeping gene β-actin. Arithmetic mean of Ct values from triplicate
determinations was calculated, and differences in expression were calcu-
lated according to this formula:

2 – ∆Ct = 2 – (Ct target gene – Ct housekeeping gene)

Comparison of mRNA transcript levels was done in immune cell subsets
between patients with pSS and controls, and between immune cell subsets
within the pSS and control groups.

Protein expression was estimated by evaluation of ECL intensity
signals with Image-J software (US National Institutes of Health). For each
measurement, blank values were subtracted from housekeeping and target
proteins. Normalization was performed for each sample, calculating
expression of target protein as x-fold of corresponding β-actin protein
values. 
Measurement of proteolytic activity and apoptosis after proteasome
inhibition. Total PBMC, and sorted CD3+ T lymphocytes and CD19+ B
lymphocytes, were incubated (14 h, 37°C, 5% CO2) with the proteasome
inhibitor bortezomib at final concentrations of 0.5, 5.0, or 50.0 nM to 2 ×
104 cells/50 µl medium (RPMI-1640 culture medium, 10% FCS, 2 mM
glutamine; Biochrom), in wells of a black multiwell plate with clear bottom
(Greiner). Cells without inhibitor served as negative controls.

Inhibition of proteolytic activity was measured as described38. In
detail, cells were lysed in assay buffer (20 mM Tris-HCl, pH 7.2, 1 mM
EDTA, 1 mM dithiothreitol) added to 0.1% Nonidet (all Sigma-Aldrich).
Lysates were incubated for 2 h at 37°C with 100 µM fluorogenic
substrate N-succinyl-Leu-Leu-Val-Tyr-AMC (7-amino-4-methylcoumarin,
Suc-LLVY-AMC) dissolved in assay buffer. Remaining proteolytic activity
was assessed in triplicates by measuring hydrolysis of the fluorogenic
substrate at Ex360/Em460 nm in a Synergy-HT microplate reader

(Bio-Tek). Data were normalized based on activity from cell lysates
without proteasome inhibitor set at 100%.

Induction of apoptosis was assessed based on caspase-3/-7 activity
(ApoOne Assay kit; Promega). Etoposide (100 µM; Biomol) was used as
apoptosis control. Caspase activity was measured in duplicates at
Ex485/Em528 nm (Synergy-HT microplate reader; Bio-Tek). Data were
normalized based on caspase activity in cells without proteasome inhibitor
set at 1.0.
Statistical analysis. For statistical analysis, distribution of samples was
controlled with the Kolmogorov-Smirnov normality test. Samples were
analyzed using the unpaired t test with Welch correction, to correct the
cases in which variances of 2 analyzed groups were not equal. To exclude
shifts in significance due to outliers, samples were also analyzed using the
nonparametric Mann-Whitney U test. Overall, p values < 0.05 were con-
sidered statistically significant. 

RESULTS
Gene expression of catalytic proteasome subunits is
increased in blood cells from patients with pSS. To investi-
gate the extent of proteasomal activation in patients with
pSS and controls, we compared transcript levels of catalytic
constitutive (β1, β2, β5) and immunoproteasome (β1i, β2i,
β5i) subunits in each cell subset between the 2 groups
(Figures 1A-E). For several cell subsets, expression of
proteasome subunits was higher in patients with pSS than in
controls. Particularly in pSS B lymphocytes, a significantly
higher expression was observed for the immunosubunit β1i
(p < 0.05) and its corresponding constitutive subunit β1 (p <
0.01), as well as β2 (p < 0.05; Figure 1D). Also, monocytes
and DC showed some significant differences in expression
of proteasome subunits between patients with pSS and
controls (Figures 1C and 1E). Interestingly, differences in
CD4+ and CD8+ T lymphocytes were not significant for any
proteasome subunit between patients with pSS and controls
(Figures 1A and 1B). 
Notably, expression levels of the noncatalytic consti-

tutive proteasome subunit α3 were also upregulated in all
cell subsets from patients with pSS compared to controls,
with significant differences for B lymphocytes, CD8+ T
lymphocytes, and DC (each p < 0.05; Figure 1F).
Genes of catalytic constitutive and immunoproteasome
subunits are higher expressed in B lymphocytes than in
other peripheral blood cell subsets. We further compared
gene expression of proteasome subunits between different
blood cell subsets among the patients with pSS or controls.
In pSS, transcript levels of constitutive subunits β1, β2, and
β5 were significantly higher especially in B lymphocytes
compared to the other cell subsets (Figure 2A, Table 1).
Also, all 3 immunoproteasome subunits (β1i, β2i, and β5i)
in pSS showed higher transcript levels in B lymphocytes
compared to DC and CD4+ T lymphocytes (Figure 2B,
Table 1). Between other cell subsets, some differences were
observed mainly for β1i and less for β2i or β5i (Table 1).
Interestingly, all 6 catalytic subunits were significantly more
highly expressed in B lymphocytes than in DC. 
In controls, an upregulation of constitutive subunits was
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Figure 1. Comparison of transcript levels of proteasome subunits in blood cell subsets between patients with primary Sjögren syndrome (SS) and healthy controls
(HD). Gene expression levels of catalytic subunits β1i, β2i, and β5i of the immunoproteasome and the corresponding subunits β1, β2, and β5 of the constitutive
proteasome, as well as of the noncatalytic, constitutive subunit α3 were increased in the different cell subsets (A: CD4+ T lymphocytes; B: CD8+ T lymphocytes;
C: CD14+ monocytes; D: CD19+ B lymphocytes; E: dendritic cells; F: α3 subunit in all cell types) from patients with primary SS compared to healthy controls
(HD), pointing toward a higher proteasome activation in patients with pSS. Expression levels of target genes relative to β-actin were calculated after real-time
PCR. Significance levels were calculated with the Mann-Whitney U test. P values < 0.05 were considered significant; *p < 0.05, **p < 0.01.
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observed particularly in B lymphocytes compared to DC,
monocytes, and CD8+ T lymphocytes (Figure 2C). Further,
B lymphocytes showed increased β1i expression compared
to DC and monocytes, and β5i compared to DC and CD8+
T cells (Figure 2D). Some isolated significant differences
were seen between other cell subsets (Table 1). Remarkably,
in controls, all 6 catalytic subunits were significantly more

highly expressed in B lymphocytes than in CD14+
monocytes. 
In pSS, expression of noncatalytic, constitutive subunit

α3 showed a significant upregulation also in B lymphocytes
compared to DC, CD8+, and CD4+ T lymphocytes, while
there was no difference in α3 expression between cell
subsets in healthy controls (Figure 2E).
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Figure 2. Comparison of transcription levels of proteasome subunits
between blood cell subsets. Comparison of gene expression of catalytic
constitutive proteasome subunits β1, β2, and β5 as well as of immunopro-
teasome subunits β1i, β2i, and β5i, and also of the noncatalytic, consti-
tutive subunit α3 between the different blood cell subsets within the
primary SS or control (HD) groups showed a higher expression in CD19+
B lymphocytes than in the other blood cell subsets in both groups.
Expression levels of target genes relative to β-actin were calculated after
real-time PCR. Significance levels were calculated with the
Mann-Whitney U test. Only significant differences related to B lympho-
cytes are shown; other significant differences are summarized in Table 1.
P values < 0.05 were considered significant; *p < 0.05, **p < 0.01, ***p <
0.001. DC: dendritic cells.
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According to these findings, an increased transcription of
certain proteasome subunits was evident in blood cells from
patients with pSS, especially in B lymphocytes. 
Protein expression of immunoproteasome subunit β1i is
diminished in B lymphocytes from patients with pSS.

Previously, we described a dysregulation of β1i mRNA and
protein expression in total PBMC from patients with pSS34.
In our current study, we confirmed increased mRNA levels
of β1i in B lymphocytes from patients with pSS. Next, we
performed immunoblot analysis of protein expression of
subunit β1i relative to β-actin in isolated B lymphocytes
from patients with pSS and controls. For comparison, we
also analyzed the PBMC fraction depleted from B lympho-
cytes (non-B lymphocytes). 
After analyzing ECL signal intensity of immunoblot

stainings of β1i relative to β-actin, β1i was clearly
decreased in pSS B lymphocytes compared to B lympho-
cytes of controls, and also when compared to non-B
lymphocytes from both patients with pSS and controls
(Figure 3). In detail, the range of calculated x-fold values of
β1i relative to β-actin in pSS B lymphocytes was 0.3–1.0
(median 0.45) versus 0.5–1.6 (median 1.25) in control B
lymphocytes (p = 0.0260). For non-B lymphocytes, ranges
were 0.5–3.1 (median 0.90) in pSS and 0.7–1.2 (median
0.95) in controls. These preliminary results indicate that the
β1i dysregulation is present in B lymphocytes from patients
with pSS.
Remaining proteolytic activity and induction of apoptosis in
cellular subsets after proteasome inhibition. Effects of
proteasome inhibition on proteasomal proteolytic activity
and on induction of apoptosis were analyzed in PBMC, T
lymphocytes, and B lymphocytes from patients with pSS
and controls after exposure to different concentrations of the
proteasome inhibitor bortezomib. A dose-dependent effect
was observed in all cells, both for inhibition of proteasome
activity and for activity of caspase-3/7 leading to apoptosis. 
Reduction in proteasome activity was more pronounced

in the PBMC of patients with pSS and controls already at the
lowest tested concentration (25.49% mean remaining
activity in pSS, 30.01% in controls) compared to T lympho-
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Table 1. Gene expression analysis of catalytic constitutive and immuno-
proteasome subunits between blood cell subsets from patients with Sjögren
syndrome (SS) and controls.

β1 β2 β5 β1i β2i β5i

SS
CD4+ vs CD8+ NS * NS NS NS NS
CD4+ vs CD14+ NS * NS NS NS NS
CD4+ vs CD19+ *** NS NS ** ** *
CD4+ vs DC NS * ** * NS NS
CD8+ vs CD14+ NS NS NS NS NS NS
CD8+ vs CD19+ ** ** NS NS NS NS
CD8+ vs DC NS NS NS ** NS NS
CD14+ vs CD19+ NS ** NS NS NS NS
CD14+ vs DC NS NS NS NS NS *
CD19+ vs DC *** ** * *** * *

Controls
CD4+ vs CD8+ NS NS NS NS NS NS
CD4+ vs CD14+ NS NS NS * NS *
CD4+ vs CD19+ NS NS NS NS NS NS
CD4+ vs DC NS NS NS * NS *
CD8+ vs CD14+ NS NS NS ** NS NS
CD8+ vs CD19+ NS * NS NS NS *
CD8+ vs DC NS NS NS *** NS NS
CD14+ vs CD19+ * *** ** ** * ***
CD14+ vs DC NS NS NS NS NS NS
CD19+ vs DC ** ** NS ** NS ***

Mann-Whitney U test for all. P values < 0.05 were considered significant;
* p < 0.05, ** p < 0.01, *** p < 0.001. SS: Sjögren’s patients; NS: not
significant; CD4+: CD4+ T lymphocytes; CD8+: CD8+ T lymphocytes;
CD14+: CD14+ monocytes; CD19+: CD19+ B lymphocytes; DC:
dendritic cells.

Figure 3. Protein expression of the immunoproteasome subunit β1i relative to β-actin in patients with SS and healthy controls. Protein expression of subunit
β1i was analyzed by Western blot and immune detection with chemiluminescence in B lymphocytes from patients with primary SS (pSS) and healthy controls
(HD). For comparison, peripheral blood mononuclear cells (PBMC) depleted from B lymphocytes (non-B lymphocytes or non-B cells) were also used.
Intensity of chemiluminescent signals for β1i was normalized to corresponding signals of the housekeeping protein β-actin detected afterward on the same
membranes. A. Representative results of analysis in 1 patient with pSS and 1 HD are shown. In pSS, both the precursor and the mature β1i are detectable in
non-B lymphocytes, but are clearly reduced in B lymphocytes. In the controls, signals of the mature β1i are similarly strong, both in non-B lymphocytes and
in B lymphocytes. B. Normalized values of β1i represented as x-fold of corresponding β-actin for each group were used for analysis with Mann-Whitney U
test. Protein expression of subunit β1i in B lymphocytes from patients with SS was reduced compared to signals from B lymphocytes from controls, and also
to non-B lymphocytes from pSS or from contorls. P values < 0.05 were considered significant; *p < 0.05. 
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cytes (53.90% in pSS, 50.08% in controls) or B lympho-
cytes (50.54% in pSS, 38.72% in controls). In contrast, B
lymphocytes in both patients with pSS and controls showed
significantly less proteasome inhibition at the highest
concentration of 50 nM (Figure 4A). Here, mean remaining
proteasomal activity for patients with pSS was 51.06% in B
lymphocytes, but only 11.57% (p = 0.02) in PBMC and
14.34% (p = 0.0098) in T lymphocytes. For controls, it was
48.20% in B lymphocytes, 11.83% in PBMC, and 11.60% 
(p = 0.0410) in T lymphocytes.
Induction of apoptosis was also more pronounced in

PBMC than in T lymphocytes or B lymphocytes. Here, B
lymphocytes showed a higher resistance toward induction of
apoptosis at 50 nM bortezomib compared to PBMC and T
lymphocytes (Figure 4B). In patients with pSS, mean
caspase-3/-7 activity after proteasome inhibition was 1.71 in
B lymphocytes, 3.74 (p = 0.0018) in PBMC, and 2.82 (p =
0.0043) in T lymphocytes. For controls, caspase-3/-7
activity was 1.98 in B lymphocytes, 4.53 (p = 0.0057) in
PBMC, and 3.10 (p = 0.0286) in T lymphocytes.
These results show an increased resistance of B lympho-

cytes compared to other cells toward inhibition of proteo-
lytic activity and toward induction of apoptosis after
proteasome inhibition with bortezomib. Because this resis-
tance is observed in pSS and in controls, it seems to be
intrinsic to B cells rather than specifically related to the
disease. 

DISCUSSION
In our study, we analyzed for the first time, to our
knowledge, gene expression of all catalytic constitutive
proteasome subunits (β1, β2, β5) and their immunopro-
teasome counterparts (β1i, β2i, β5i), as well as the consti-
tutive subunit α3, simultaneously in sorted CD4+ and CD8+
T lymphocytes, B lymphocytes, monocytes, and DC from
patients with pSS and controls. A transcript upregulation of
catalytic proteasome subunits was evident in B lymphocytes
from patients with pSS compared to other cells. Compared
to controls, a dysregulation of subunit β1i was also found in
pSS B lymphocytes. Thus, our data provide evidence for an
upregulation of catalytic proteasome subunits at the mRNA
level as an indicator for proteasome activation in B lympho-
cytes from patients with pSS. Further, we were able to show
that the previously described dysregulation of subunit β1i is
present in B lymphocytes.
These data confirmed our previous work on UPS gene

expression in PBMC from different systemic autoimmune
diseases34. There, a significant transcript upregulation of
β1i, β2i, and the proteasome activator PA28α was observed
in total PBMC from patients with pSS. Notably, elevated
mRNA but simultaneously reduced protein levels had been
observed only for β1i in total PBMC from most patients
with pSS. In our current study, we observed that this dys-
regulation in patients with pSS is intrinsic to B lymphocytes.

Because assembly of the immunoproteasome is an orderly
process, without β1i or other critical subunits, proteasome
assembly is interrupted39,40. Therefore, it can be speculated
that a defect in protein translation of β1i is the driver of
mRNA upregulation of β1i and other subunits in pSS B
lymphocytes, because of the lack of β1i feedback regulation
and consequently, imbalances in proteasome assembly.
However, because we measured only β1i protein levels in
our study, we cannot at this point draw final conclusions
about overall proteasome composition in patients with pSS.
Only limited data are available to date for a direct involve-

ment of the proteasome system in the pathogenesis of
systemic autoimmune diseases in general and SS in parti-
cular. In particular, it is unclear whether a dysregulation of
certain proteasomal subunits such as β1i plays a role in
human autoimmune disorders. However, β1i deficiency has
been reported in non-obese diabetes mice, which develop a
Sjögren-like syndrome, with lymphocytic infiltrates and
loss of salivary function41,42,43. Therefore, it is possible that
a similar proteasome dysregulation in patients with SS could
contribute to an improper cellular immune function, leading
to autoimmune sialadenitis. In principle, a disturbed
proteasome system can cause different pathogenic effects on
the immune system. The main factors where the proteasome
system can contribute to the maintenance of the
(auto-)immune response include alteration of NF-κB
activation with impaired cytokine expression44,45,46,
alteration of apoptosis14,20,22,47,48,49,50,51, and disturbances
in antigen processing before presentation through the MHC
class I, causing improper activation of T cells20,22,51.
Because such alterations have also been observed in SS, it is
probable that the proteasome system is involved in its 
pathogenesis52,53,54,55,56,57,58.
Regarding pathogenic alterations in other proteasome

subunits, it has been shown that mutations in the gene
coding for immunoproteasome subunit β5i can cause the
autosomal-recessive CANDLE syndrome (chronic atypical
neutrophilic dermatosis with lipodystrophy and elevated
temperature) in children59 and JMP syndrome (joint contrac-
tures, muscle atrophy, microcytic anemia, and pannicu-
litis-induced lipodystrophy) in adults60. Thus, further
analyses of the proteasome function in SS could clarify
whether the dysregulation of β1i or other alterations are
related with disease pathogenesis and at the end could open
new venues for future therapeutic approaches. In this
context, although a direct inhibition of proteasome activity
is not a therapeutic option in SS to date, the use of
proteasome inhibitors is helpful for in vitro analysis of
proteasome function.
Bortezomib was first approved by the US Food and Drug

Administration in 2003 for treatment of multiple myeloma.
It is the only proteasome inhibitor approved for clinical
use61. In our study, analyzed cells responded in a
dose-dependent manner to increasing concentrations of
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Figure 4. Effects of proteasome inhibition in blood cell subsets from patients with SS and healthy controls (HD) after exposure to bortezomib. A. Remaining
proteolytic activity. Upper panels: Proteolytic activity of the proteasome was measured after exposure to different concentrations of bortezomib by hydrolysis of
the fluorogenic substrate Suc-LLVY-AMC in peripheral blood mononuclear cells (PBMC), CD3+ T lymphocytes and CD19+ B lymphocytes from patients with
primary SS (left) and controls (right). At 50 nM bortezomib, remaining proteolytic activity was higher in B lymphocytes from patients with pSS and controls,
independent of disease, showing significant differences compared to PBMC and T lymphocytes. Assays were performed in duplicates. For normalization,
proteasome activity from cell lysates without bortezomib was set at 100%. Means of proteolytic activity in cells incubated with bortezomib at concentrations of
0.0, 0.5, and 50.0 nM are shown in the graphs. Lower panel: means and SD values of remaining proteolytic activity in PBMC, T lymphocytes and B lympho-
cytes after incubation of cells with 0.0, 0.5, and 50.0 nM bortezomib. B. Degree of apoptosis induction. Upper panel: Induction of apoptosis after proteasome
inhibition with different concentrations of bortezomib was analyzed in PBMC, CD3+ T lymphocytes, and CD19+ B lymphocytes from patients with pSS (left)
and from healthy controls (right) by measurement of caspase -3/-7 activity. B lymphocytes showed a significantly higher resistance than PBMC or T lympho-
cytes to bortezomib-induced apoptosis. Assays were performed in triplicates. Results were normalized by setting the activity of caspase 3/7 in cells without borte-
zomib exposure as 1.0. Means of x-fold caspase activity 3/7 in cells incubated with bortezomib at concentrations of 0.0, 0.5, and 50.0 nM are shown. Lower panel:
means and SD values of degree of induction of apoptosis in PBMC, T lymphocytes, and B lymphocytes after incubation of cells with 0.0, 0.5, and 50.0 nM borte-
zomib. Levels of significance were tested with the Mann-Whitney U test. P values < 0.05 were considered significant.

 www.jrheum.orgDownloaded on May 26, 2023 from 

http://www.jrheum.org/


bortezomib. Nevertheless, inhibitory effects were less
pronounced in B lymphocytes compared to T lymphocytes
or PBMC. The fact that in our study B lymphocytes
expressed higher levels of proteasome subunits but were
less sensitive to proteasome inhibition is intriguing, because
it is generally accepted that activated cells are more
sensitive to bortezomib-induced apoptosis. Indeed, some
groups reported that intrinsic apoptotic sensitivity to
proteasome inhibition varies among different cell types,
according to differential cell maturation stages, e.g., in DC62
and plasma cells63; to molecular subtypes, e.g., in diffuse
large B cell lymphoma cells64; or to expression levels of
proteasome subunits, as in neoplasic B cells and solid tumor
cells65. Further, the last stages of differentiation of B
lymphocytes, Ig-producing plasma cells63, and also multiple
myeloma cell lines66 have a high proteasomal workload and
a dramatic decrease in proteasome expression and activity,
which correlated with increased susceptibility to proteasome
inhibition-induced apoptosis. Therefore, it has been postu-
lated that apart from the generally accepted inhibition of the
antiapoptotic transcription factor NF-κB in multiple
myeloma cells, sensitivity of cells with high protein biosyn-
thesis is due to accumulation of unfolded proteins, which
should be degraded by the UPS67. Indeed, studies show that
bortezomib is also effective in blocking enhanced antibody
production by plasma cells, such as donor-specific
anti-HLA antibodies during antibody-mediated transplant
rejection68,69. The final molecular mechanisms underlying
differential proteasome inhibitor sensitivity in diverse
individuals and/or cell subsets are not yet clarified. Because
we analyzed total CD19+ B lymphocytes (e.g., mostly
naive/memory B lymphocytes, less CD19dim plasma cells),
a possible explanation for resistance of B lymphocytes in
our analysis could be that naive and memory B lymphocytes
do not have the same immense stress of antibody production
as plasma cells. Therefore, it is likely that the UPS in pSS B
lymphocytes is activated but not overloaded, and that this
upregulation confers onto naive and/or memory B lympho-
cytes a certain resistance toward bortezomib. Whether pSS
plasma cells are more susceptible than B lymphocytes to
proteasome inhibition remains to be clarified.
We observed an upregulation of catalytic proteasome

subunits at the mRNA level in B lymphocytes compared
with other blood cells. The partial dysregulation between
β1i mRNA and protein expression is an interesting obser-
vation, because it could affect proteasome assembly and
function. At the same time, we detected a higher resistance
of B lymphocytes against proteasome inhibition with bor-
tezomib, as shown by a reduced induction of apoptosis and
higher remaining proteolytic activity, independent of
disease. This differs from the classical concept of increased
susceptibility to proteasome inhibition exclusively in
activated cells, and actually supports the novel notion that
susceptibility to proteasome inhibition depends on factors

such as cell type, status of proteasome activation, and/or
underlying pathology, reflecting UPS complexity. Because
of the experimental setting and the limited sample quantity
obtained from sorted cell subsets, our results do not allow a
direct comparison of data from RNA and protein expression
and functional tests in individual patients. Therefore, our
findings reinforce the necessity for further approaches to
clarify the exact mechanisms induced and/or affected by
proteasome activation and after proteasome inhibition in
different cell subsets, in autoimmune diseases in general and
in pSS in particular.
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