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'.) This study demonstrates distinct activation of immunoproteasomes in peripheral blood cells of
young smokers and COPD patients. Specific inhibition of the immunoproteasome might represent
a novel therapeutic concept for COPD treatment. https://bit.ly/3rEwaU7
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Abstract
Background Tmmune cells contain a specialised type of proteasome, i.e. the immunoproteasome, which is
required for intracellular protein degradation. Immunoproteasomes are key regulators of immune cell
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differentiation, inflammatory activation and autoimmunity. Immunoproteasome function in peripheral
immune cells might be altered by smoking and in chronic obstructive pulmonary disease (COPD), thereby
affecting immune cell responses.

Methods We analysed the expression and activity of proteasome complexes in peripheral blood
mononuclear cells (PBMCs) isolated from healthy male young smokers as well as from patients with
severe COPD and compared them with matching controls.

Results Proteasome expression was upregulated in COPD patients as assessed by quantitative reverse
transcriptase-PCR and mass spectrometry-based proteomic analysis. Proteasome activity was quantified
using activity-based probes and native gel analysis. We observed distinct activation of immunoproteasomes
in the peripheral blood cells of young male smokers and severely ill COPD patients. Native gel analysis
and linear regression modelling confirmed robust activation and elevated assembly of 20S proteasomes,
which correlated significantly with reduced lung function parameters in COPD patients. The
immunoproteasome was distinctly activated in COPD patients upon inflammatory cytokine stimulation of
PBMCs in vitro. Inhibition of the immunoproteasome reduced pro-inflammatory cytokine expression in
COPD-derived blood immune cells.

Conclusions Given the crucial role of chronic inflammatory signalling and the emerging involvement of
autoimmune responses in COPD, therapeutic targeting of the immunoproteasome might represent a novel
therapeutic concept for COPD.

Introduction
Chronic obstructive pulmonary disease (COPD) is a major chronic lung disease estimated to become the
third leading cause of death worldwide in 2030 [1]. Notably, there is a lack of innovative therapies for this
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disease. Cigarette smoke is the main risk factor for the development of COPD [2]. It causes oxidative
stress that damages DNA and proteins [3], results in degradation and remodelling of lung tissue, and
initiates innate and adaptive immune dysfunction driving COPD disease development [4, 5].

The ubiquitin—proteasome system is the main protein degradation pathway in the cell. The proteasome
hydrolyses most cellular proteins, including short-lived cellular regulators such as transcription factors, cell
cycle and signalling molecules, into small peptides [6, 7]. Degradation products are used for amino acid
recycling and as major histocompatibility complex (MHC) class I antigens enabling immune surveillance
by CD8" T-cells [8, 9]. The most prominent proteasome complexes are the 26S and 20S proteasomes, with
26S consisting of the 20S catalytic core and one or two 19S regulators (figure 1a) [7]. Immune cells
contain a specialised type of proteasome, i.e. the immunoproteasome, harbouring three distinct catalytic
subunits: LMP2, MECL-1 and LMP7 [8, 9]. Immunoproteasomes are key regulators of immune cell
activation and differentiation [9, 10]. In particular, they play a major role in inflammatory signalling by
regulating activation of inflammatory transcription factors such as NF-kB [11]. Specific inhibition of the
immunoproteasome counteracts autoimmunity and inflammatory immune responses [12, 13].

We and others have previously demonstrated that lung tissue proteasomes are inhibited by cigarette smoke,
resulting in accumulation of oxidatively damaged proteins and altered MHC class I antigen presentation
[14-17]. Proteasome activity in lung tissue of end-stage COPD patients is severely impaired [16, 18] and
protein aggregates accumulate in COPD lungs [19]. These data indicate that proteasome function and
proteostasis in lungs of COPD patients is severely disturbed, possibly contributing to exacerbation of
disease, altered MHC class I antigen presentation and susceptibility to virus infections [16, 20].

In this study, we extend our understanding of proteasome function in COPD by focusing on the analysis of
the proteasome in peripheral blood immune cells of young male smokers and COPD patients. We
demonstrate distinct activation of immune cell proteasomes in smokers and severely ill COPD patients.

Methods
Further details on the methods, primers and antibodies used in this study can be found in the
supplementary material.

Human samples

For the first study arm, EDTA-blood samples of 20 young, self-reported healthy never-smokers and 20
current smoking subjects were obtained (table 1). We chose male participants to exclude any potential
hormonal variations. Inclusion criteria were male gender, age 18-30 years, body mass index (BMI) 18—
30 kg'-m™, at least 10 cigarettes per day within the last year or never-smoking; exclusion criteria were
chronic diseases, long-term medication or infectious disease within the last 3 weeks. Cotinine was assayed
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FIGURE 1 Overview on the analysis of proteasome complexes in this study. a) The 26S proteasome complex
consists of a central 20S core particle capped with one or two 19S regulatory particles. The 20S particle
consists of four rings with seven subunits each, two outer o-rings and two inner B-rings, where the three
proteolytically active subunits reside: Bl, B2 and B5 constitute the standard proteasome; the three
immunosubunits LMP2, MECL-1 and LMP7 can be induced, e.g. by interferon (IFN)-y, but are constitutively
expressed at high levels in immune cells. b) Nomenclature of gene/protein names, enzymatic activity and
activity-based probes (ABPs) used to differentiate immune and standard proteasomes.
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TABLE 1 Study population of young healthy male smokers and nonsmokers

Never-smoker Smoker p-value®
% or median (range) n/N or N % or median (range) n/N or N

Allergies

No 90 18/20 95 19/20

Yes 10 2/20 5 1/20 1.000
Pack-years NA 20 3.5 (1.5-10.0) 20 NA
Age, years 24 (18-30) 20 24.5 (19-29) 20 0.978
BMI, kg:m™2 22.70 (18.59-27.45) 20 23.27 (19.60-28.60) 20 0.387
Cotinine, ng-mL_1 0.88 (0.62-1.28) 20 314.2 (142.6-693.6) 20 <0.001*

BMI: body mass index; NA: not applicable. *: differences between groups were tested using Fisher’s exact test
for categorical variables and the Wilcoxon rank sum test for continuous variables. *: p<0.05.

in blood plasma via ELISA according to the assay manufacturer’s recommendations (Cotinine ELISA
CO096D; Calbiotech, El Cajon, CA, USA) to confirm current smoking status.

For the second arm, analysis was performed in EDTA-blood samples from 30 stable COPD patients (no
exacerbation of the disease since at least 6 weeks) and 24 healthy age-matched control subjects collected
from the clinics of the Ludwig Maximilians University (LMU) and the outpatient unit of the
Comprehensive Pneumology Center (CPC) in Munich, Germany (table 2). We also obtained blood samples
for our in vitro stimulation experiments from the same locations (supplementary table S1).

All donors gave written consent. The study was approved by the Ethics Committee of the Medical Faculty
of the LMU (study number 382-10).

TABLE 2 Study population of lung healthy controls and chronic obstructive pulmonary disease (COPD) patients

Never-smoking control Ever-smoking control COPD p-value®

% or median (range) n/Nor N % or median (range) n/Nor N % or median (range) n/N or N

Sex

Female 62.50 10/16 75.00 6/8 53.33 16/30

Male 37.50 6/16 25.00 2/8 46.67 14/30 0.550
Age, years 56 (47-64) 16 54.5 (48-58) 8 60 (47-84) 29 0.006*
BMI, kg-m_2 23.53 (20.07-33.43) 15 25.82 (20.76-32.00) 8 22.45 (17.18-32.00) 28 0.258
Comorbidities”

No 81.25 13/16 62.50 5/8 73.33 22/30

Yes 18.75 3/16 37.50 3/8 26.67 8/30 0.571
Immunosuppressive

medication”

No 100.00 15/15 100.00 8/8 57.14 16/28

Yes 0.00 0/15 0.00 0/8 42.86 12/28 0.001*
Smoking status

Current 0.00 0/16 75.00 6/8 0.00 0/30

Former 0.00 0/16 25.00 2/8 96.67 29/30

Never 100.00 16/16 0.00 0/8 3.33 1/30 <0.001*
Pack-years 0 (0-0) 16 15 (0-35) 7 40 (0-80) 28 <0.001*
GOLD stage

11V 2/3/23

B/C/D 2/3/16
FEV,/FVC, % 78.00 (69.00-85.00) 15 81.00 (68.00-85.00) 6 44.50 (29.00-70.00) 24 <0.001*
FEV,/FVC % pred GLI®, % 96.40 (86.55-106.86) 15 101.25 (85.12-105.85) 6 55.29 (37.41-88.99) 23 <0.001*

BMI: body mass index; GOLD: Global Initiative for Chronic Obstructive Lung Disease; FEV;: forced expiratory volume in 1 s; FVC: forced vital capacity;
GLI: Global Lung Function Initiative. *: differences between groups were tested using Fisher’s exact test for categorical variables and the Wilcoxon
rank sum test for continuous variables; *: hypertension, myocardial infarction, stroke and/or diabete; *: oral immunosuppressive drugs (e.g.
cortisone); °: percent predicted values according to GLI [26]. *: p<0.05.
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Peripheral blood mononuclear cells (PBMCs) were isolated using Lymphoprep and SepMate tubes
according to the manufacturer’s instructions (STEMCELL Technologies, Cologne, Germany) and stored in
aliquots at —80°C until analysis. Flow cytometry of full EDTA-blood was performed as detailed in the
supplementary material.

Activity-based probe labelling

Native protein lysates were extracted from PBMCs with 50 mM Tris—HCI, pH 7.5, 2 mM dithiothreitol,
5mM MgCl,, 10% glycerol, 2mM ATP, 0.05% digitonin and complete protease inhibitor (Roche
Diagnostics, Mannheim, Germany). Activity of catalytic subunits was monitored by using activity-based
probes (ABPs) as described previously [21].

Native gel analysis and substrate overlay
Native gel analysis and subsequent immunoblotting with an antibody detecting the 20S o1-7 subunits
(ab22674; Abcam, Cambridge, UK) was performed as described previously [22].

PBMC in vitro stimulation

Isolated PBMCs were plated in 24-well plates (2x10° cells per well), cultivated in RPMI medium
(containing 10% FBS (Biochrom, Berlin, Germany) and 100 U-mL™" penicillin/streptomycin) and treated
with or without 75 U-mL™" interferon (IFN)-y (Roche) or 1 pg-mL™" lipopolysaccharide (LPS) (Sigma,
Darmstadt, Germany) for 24 h. PBMCs were harvested and RNA or proteins were extracted.
Immunoproteasome inhibitor LU-005i was kindly provided by Hermen Overkleeft (Leiden University,
Leiden, The Netherlands) [23]. At 2 h before LPS stimulation, cells were treated with 0.5 uM LU-005i.

Luminescent activity assay
Chymotrypsin-, caspase- and trypsin-like activities were measured with the Proteasome-Glo Assay kit
according to the manufacturer’s protocol (Promega, Walldorf, Germany) and as described previously [24].

Statistics

All analyses were performed using the statistical software package R version 4.0.3 [25]. Details of the
data transformation and regression models are given in the supplementary material. Outliers exceeding
meant4sp were excluded from the analyses. Differences between groups (nonsmoker versus smoker and
control versus COPD) were tested using Fisher’s exact test for categorical variables and the Mann—
Whitney—Wilcoxon rank sum test or Kruskal-Wallis rank sum test for continuous variables. Reference
equations for spirometry according to the Global Lung Function Initiative were applied to calculate
percentage predicted values of forced expiratory volume in 1 s (FEV,)/forced vital capacity (FVC) [26]. A
p-value <0.05 was used to indicate statistical significance.

Results

To study immunoproteasome function in peripheral blood in detail, we used a two-armed study design
reflecting the extremes of the control and disease groups: the first arm included analysis of healthy male
current smokers and never-smokers aged 20-30 years (table 1), and the second arm contained mainly
end-stage COPD patients and lung healthy controls aged 47-84 years, including 16 never-smokers, two
former smokers and six current smokers (table 2). The control groups were not overlapping and were
age-matched to the respective study arms.

Activation of immunoproteasome in peripheral blood cells of young smokers

The first study arm evaluated the effect of cigarette smoke exposure on proteasome function in PBMCs of
young male smokers (table 1). Current tobacco smoking was confirmed by elevated levels of the metabolic
byproduct of nicotine, cotinine, in the blood plasma of smokers (table 1). Flow cytometry analysis of
blood cells revealed a significant increase in the absolute number of all analysed immune cell types in
smokers compared with the never-smoking control group (supplementary figure Sla). However, the
relative cellular composition of monocytes and leukocytes was not altered between smokers and
nonsmokers (supplementary figure S1b and supplementary table S2). Proteasome activity of blood
mononuclear cells was analysed using two distinct methods. First, we assessed the number of active
standard and immunoproteasome complexes using specific ABPs [27]. These ABPs covalently bind to and
label catalytically active proteasome subunits which are then identified according to their molecular weight
in denaturing sodium dodecyl sulfate gels [27]. A set of three ABPs was used to differentiate the three
standard catalytic subunits of the proteasome B1, f2 and B5 and the immunoproteasome sites LMP2,
MECL-1 and LMP?7 (figure 1b). ABP labelling confirmed that the immunoproteasome is the predominant
type of proteasome in PBMCs (figure 2a) [28]. The catalytic activity in PBMCs was largely preserved
upon tobacco smoke consumption (figure 2a). 5 activity was almost below the level of detection in
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FIGURE 2 Proteasome activity profiling in peripheral blood mononuclear cells (PBMCs) of young healthy
smokers and nonsmokers. a) Activity-based probe (ABP) analysis of proteasome activity in PBMCs of smokers
(n=20) and nonsmokers (n=18-19) with signal quantification (labelling intensity) using the pan-reactive MV151,
the B1- and LMP2-specific LW124, and the B5- and LMP7-specific MVB127 ABPs. All samples were run on one
large gel to allow direct comparison of signals. b) Native gel analysis of native protein lysates of PBMCs of
smokers (S) (n=20) and nonsmokers (NS) (n=19) with fluorescent activity assay for the chymotrypsin-like (CT-L)
activity of the proteasome. Subsequent immunoblotting of the native gels using an antibody against the a1-7
subunits of the 20S catalytic core was applied to quantify proteasome complex abundance. Densitometry
analysis of the gels is shown for the activities as relative signal intensity. Samples were run on four different
gels and each sample was normalised to the mean intensity of the controls. The specific activity is defined as
activity/abundance; specifically, the activity signal of the 20S, 26S or sum of both (total activity) divided by the
densitometric signal for immunostaining, i.e. abundance of the respective complex. Data are presented as
mediantquartile; whiskers indicate the range. Mann-Whitney U-test: *: p<0.05; **: p<0.01.

isolated PBMCs, as described previously (figure 2a) [29]. In a second approach, we dissected the different
proteasome complexes, i.e. the 26S and the free 20S proteasomes, using native gel analysis. With this
method, the proteasome complexes maintain their activity and can be resolved according to their size [22].
The enzymatic activity of the proteasome complexes was quantified by in-gel degradation of a
fluorescently quenched substrate for the chymotrypsin-like activity of the proteasome. Of note, 20S
proteasome activity was slightly reduced in smokers compared with never-smokers, while 26S and total
proteasome activities were not altered (figure 2b and supplementary figure S2a). This shift in activities
between 20S and 26S proteasome complexes increased the ratio of 26S/20S activity in smokers (figure
2b). Blotting of the native gels and immunodetection of the 20S catalytic core allowed us to quantify the
amount of proteasome complexes in the PBMC samples [22]. The abundance of 20S and 26S proteasome
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complexes was not different between the two groups (supplementary figure S2a). By calculating the
activity/abundance ratio, we determined the specific activity of distinct proteasome complexes. The specific
activity of the 26S proteasome was significantly elevated in smokers compared with nonsmokers (figure
2b), suggesting that the 26S proteasomes are more active in peripheral blood cells of young healthy
smokers. As the overall number of active sites of the proteasome was not grossly altered as determined by
our ABP analysis (figure 2a), these data suggest that tobacco smoke exposure in healthy individuals does
not increase the expression and amount of proteasome complexes but rather activates the enzymatic activity
of the 26S proteasome in the peripheral blood cells. This notion is supported by the comparable RNA
expression of multiple proteasomal subunits of the 26S proteasome in PBMCs of smokers and
never-smoking males (supplementary figure S2b and supplementary table S2).

Immunoproteasome activation in peripheral immune cells of COPD patients

For our second study arm, we applied native gel proteasome activity profiling to analyse proteasome
activity in PBMCs isolated from patients with severe COPD (mainly Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stage IV/D) and compared the results with lung healthy age-matched
controls (table 2). Of note, we observed substantial activation of 20S and total proteasome activity in
COPD patients (figure 3 and supplementary figure S3a). In addition, the abundance of all proteasome
complexes was increased, indicating elevated assembly of both 20S and 26S proteasome complexes in
blood immune cells of COPD patients (figure 3). The specific activity (activity/abundance) of the 26S
proteasome complex and of total proteasomes, however, was significantly reduced in COPD patients
(figure 3). The ratio of the two complexes was not altered (supplementary figure S3b). Increased
abundance of immune cell proteasome complexes in COPD patients was confirmed by RNA and protein
expression analysis: mRNA expression of several proteasome subunits such as the immunoproteasomal
genes PSMBO (encoding LMP7) and PSMB10 (encoding MECL-1), and the 19S regulatory subunit genes
PSMC3 and PSMD11, was significantly elevated in COPD PBMCs (figure 4a). Moreover, mass
spectrometry-based protein analysis of PBMCs revealed concerted upregulation of multiple proteasome
subunits in COPD patients compared with controls (figure 4b). These expression data thus support the
observation that COPD patients assemble more proteasome complexes in their peripheral immune cells,
which might be part of an adaptive response to compensate for diminished specific 26S proteasome activity.

Robust activation of 20S immunoproteasomes correlates with reduced lung function in COPD

To determine whether the changes in proteasome complexes correlate with altered lung function of COPD
patients, we performed correlation analyses for proteasome function and FEV,/FVC impairment (figure 5a
and supplementary figure S3c). Of note, we observed a statistically significant negative correlation of 20S
activity as well as 20S, 26S and total abundance with FEV/FVC % pred, while the specific 26S and total
activities correlated positively with this lung function parameter (figure 5a). These data indicate that
patients with severe lung function alterations have higher levels of both 20S and 26S proteasome
complexes in their PBMCs. This is associated with a higher activity of 20S immunoproteasomes but not of
26S proteasome complexes. Rather contrary, the 26S and total specific activities, i.e. the activity per
complex, are higher in blood immune cells of patients with better lung function. These data demonstrate a
complex change in immunoproteasome function in peripheral immune cells of COPD patients, which
correlates with the degree of lung function impairment.

Altered immunoproteasome activity might be caused by the skewed immune cell composition in the blood
of COPD patients. Our flow cytometry analysis revealed an elevated percentage of granulocytes and
monocytes but not lymphocytes in our COPD study cohort (supplementary figure S4a and supplementary
table S3). These latter two cell types represent the main immune cells present in our PBMC isolates
(supplementary figure S4b). Extracted data from the ImmProt database [28] and our own preliminary RNA
analysis of sorted blood immune cells (data not shown) indicated that proteasomal protein abundance
(copy number) is quite similar in lymphocytes, natural killer cells, plasmacytoid dendritic cells and
monocytes at baseline, and does not grossly diverge upon immune cell activation (supplementary figure
S5). These data suggest that the amount of proteasomes is rather similar and stable in different immune
cell subsets, and might thus not be the underlying cause for the observed changes in proteasome activity in
COPD patients. We further validated our data by linear regression modelling where we adjusted for
multiple parameters of our study cohort such as age, sex, BMI, comorbidities as well as differential blood
composition and immunosuppressive medication (figure 5b—c and supplementary table S4). Of note, these
various parameters did not affect the significant activation of 20S activity and 20S abundance as well as
activation of total proteasome activity in blood leukocytes of COPD patients (figure 5c). Moreover, we
performed sensitivity analysis on the effect of the eight ever-smokers in our control groups. As evident
from supplementary table S5, there was no major change in the B estimator and the overall alterations in
immunoproteasome function were similar. Activation of the 20S proteasome in peripheral immune cells
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FIGURE 3 Proteasome activity in peripheral blood mononuclear cells (PBMCs) of healthy control subjects and
chronic obstructive pulmonary disease (COPD) patients. Native gel analysis of PBMC native protein lysates of
healthy control (Ctrl) subjects (n=15: n=9 never-smokers, n=2 former smokers and n=4 current smokers) and
COPD patients (n=12) with fluorescent activity assay for the chymotrypsin-like activity of the proteasome and
subsequent immunoblotting of the native gel using an antibody against the al-7 subunits for detection of
proteasome complex abundance (supplementary figure S3a). Samples were run on four different gels and each
sample was normalised to the mean intensity of the controls. Densitometry analysis of the gels is shown as
normalised signal to the mean of the controls. The specific activity is given as the ratio of activity per
abundance. Statistical analysis: mediantquartile; whiskers indicate the range. Mann-Whitney U-test: *: p<0.05;
**: p<0.01; ***: p<0.001.

can thus be regarded as a robust feature of patients with severe COPD and unrelated to the smoking status.
In contrast, 26S proteasome function appears to be less robust and regulated by additional factors (Model 6).
This finding requires further analysis.

Inflammatory immunoproteasome regulation in COPD patients
To further investigate whether the activation of the immune cell proteasomes in COPD patients extends to
activated immune cells, we challenged freshly isolated PBMC samples from healthy donors and severe
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subjects (n=10) with a heatmap of all 20S (PSMA and PSMB) and 19S subunits (PSMC and PSMD). Significantly

upregulated subunits are highlighted in red, significantly downregulated subunits are highlighted in blue. Data are presented as mediantquartile;
whiskers indicate the range. Mann-Whitney U-test: *: p<0.05; **: p<0.01.
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COPD patients (supplementary table S1) with the inflammatory stimuli IFN-y or LPS for 24 h and
analysed proteasome activity. We tested for the three main activities of the proteasome, i.e. chymotrypsin-,
caspase- and trypsin-like proteasome activity, using a luminogenic substrate assay. Of note, all three
activities significantly increased in COPD patients upon stimulation of PBMCs with IFN-y (figure 6a) but
were less strongly activated by LPS (figure 6b) compared with healthy controls. These data demonstrate
inflammatory immunoproteasome activation in COPD patients. In an exploratory analysis, we next
investigated whether the inhibition of the immunoproteasome affects LPS-induced inflammatory cytokine
expression. For that, we pre-treated PBMCs isolated from controls or COPD patients with the specific
immunoproteasome inhibitor LU-005i [23] for 2 h before LPS stimulation for 24 h and then assessed
inflammatory cytokine expression on the RNA level. After 24h of LPS stimulation, the
immunoproteasome was still effectively inhibited as evidenced both by Western blot-based detection of
mass-shifted LMP2 and LMP7 subunits upon covalent binding of the inhibitor (supplementary figure S6a)
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FIGURE 5 Correlation and linear regression analysis of the proteasome complex with selected clinical
parameters. a) Spearman correlations of lung function (forced expiratory volume in 1s (FEV;)/forced vital
capacity (FVC) (FEV,/FVC) % pred [26]) with the proteasome complex parameters activity, abundance and
specific activity (activity/abundance). Significant correlations are highlighted in blue (negative correlation) and
red (positive correlation). b, c) Parameters of the proteasome complex analysis were adjusted for sex, age and
body mass index (BMI) (Model 2), additionally comorbidities and percentage granulocytes (Model 3),
percentage lymphocytes (Model 4) or the number of leukocytes per pL blood (Model 5) and also for
immunosuppressive medication (Model 6). Model 1 shows the unadjusted values. Data were standardised prior
to calculation of the regression coefficient B (with 95% confidence intervals). Significant regression estimates
are depicted in black, nonsignificant regression estimates are depicted in grey. See supplementary table S4 for
the corresponding values.

and chemiluminescent activity assays (supplementary figure S6b). LPS-induced transcriptional activation
of interleukin (IL)-1B, IL-6 and IL-8 was clearly attenuated by immunoproteasome inhibition, while IL-10
was upregulated by immunoproteasome inhibition (figure 6c). This was most prominent in COPD patients
where LPS stimulation strongly activated the expression of these inflammatory cytokines. These data thus
provide first proof-of-concept evidence for a potential beneficial effect of therapeutic immunoproteasome
inhibition on inflammatory cytokine expression in COPD.

Discussion

In this study, we show that the proteasome is distinctly activated in peripheral blood cells of young
smokers and in patients with severe COPD. Activation of the 20S immunoproteasome correlates with lung
function impairment. Moreover, inflammatory stimuli alter immunoproteasome activation in COPD patients
and inflammatory cytokine expression is attenuated by immunoproteasome inhibition in vitro. This study
thus presents the first evidence for systemic activation of the immunoproteasome in peripheral blood cells
of severely ill COPD patients. Given the key role of the immunoproteasome for immune cell activation and
autoimmune responses [9, 12], our data suggest that specific inhibition of the immunoproteasome might
represent a novel therapeutic concept for COPD treatment.

Regulation of the immunoproteasome by cigarette smoke and in COPD
We and others previously demonstrated inhibition of the proteasome by cigarette smoke in vitro, in vivo
and in explanted lungs of severely ill COPD patients [14-18]. Impaired protein degradation by the
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FIGURE 6 Alterations on proteasome activities upon interferon (IFN)-y or lipopolysaccharide (LPS) treatment of
peripheral blood mononuclear cells (PBMCs) isolated from healthy controls and chronic obstructive pulmonary
disease (COPD) patients. PBMCs of healthy controls (n=6-14) and COPD patients (n=6-10) were treated with
a) 75 U'mL™" IFN-y or b) 1 pug:mL™" LPS for 24 h. Proteasome chymotrypsin-like (CT-L), caspase-like (C-L) and
trypsin-like (T-L) activities were analysed using chemiluminescent substrates specific for the respective
activities and are shown as fold over the respective untreated control. c) mRNA expression of the cytokines
interleukin (IL)-1B, IL-6, IL-8 and IL-10 was measured in PBMCs of healthy controls (n=9) or COPD patients (n=7)
treated with/without the immunoproteasome inhibitor LU-005i (0.5 uM, 2 h pre-treatment) and LPS (1 pg:-mL™?,
24 h). RPL19 and HPRT were used as housekeeping genes. Fold change over solvent control in the control (Ctrl)
and COPD groups and with all samples combined (Comb) is shown. a, b) Data are presented as
mediantquartile; whiskers indicate the range. One sample Wilcoxon test: *: p<0.05; **: p<0.01. c) Paired t-test
within groups: *: p<0.05. Mann-Whitney U-test for difference between LPS-treated control and COPD groups:
#: p<0.01; **: p<0.001.

proteasome contributes to the accumulation of damaged proteins and augmented protein stress in lung cells
as also demonstrated for neurodegenerative and cardiovascular diseases [30-33].

Here, we show activation of the immunoproteasome, a specialised type of immune cell proteasome, in
peripheral blood cells of healthy young smokers and severely ill COPD patients. Our sophisticated native
gel analysis allowed us to dissect proteasome activities of distinct 20S and 26S complexes, which are well
known to be differentially regulated [34, 35]. In young smokers, the specific activity of the 26S
proteasome was significantly increased, while overall proteasome expression and activity were not grossly
altered. Activation of the 26S proteasome, which degrades ubiquitinated proteins, might be part of an
adaptive response to adjust proteasome function to an increased protein turnover [34, 36]. This finding is
supported by experimental data from chronically smoke-exposed mice, where proteasome activity and
expression were increased in the mouse lung [16, 37].

In peripheral blood cells of COPD patients, however, assembly and activity of the 20S proteasome
complexes were activated. Despite the small size of the study population, the effect was robust even when
adjusting for various parameters such as sex, age, BMI, comorbidities, differential blood cell count and
immunosuppressive medication. Importantly, elevated 20S immunoproteasome activity in the peripheral
blood cells of COPD patients correlated significantly with the extent of lung function impairment. These
data are well in line with the established concept that the 20S proteasome is activated upon severe
oxidative stress to enable ubiquitin-independent degradation of oxidatively modified and damaged proteins
[36, 38]. Induction of the immunoproteasome is also part of a conserved protective response to oxidative
stress [39, 40]. Increased assembly and activity of the proteasome is most likely due to transcriptional
activation as we observed elevated mRNA and protein levels in peripheral immune cells of COPD patients.
We cannot rule out, however, that the increased levels of 20S proteasomes also involve disassembly of the
26S proteasome in COPD patients. Dissociation of the 26S into its 19S and 20S subcomplexes takes place
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in response to oxidative stress [41, 42]. Accordingly, we have previously shown that the 26S proteasome
becomes unstable in cells and lungs exposed to cigarette smoke [17]. The abundance of 26S proteasome
complexes was elevated in COPD patients together with increased protein levels of 19S and 20S subunits.
26S proteasome activity, however, was not equally elevated, but the specific 26S activity was reduced
instead. We speculate that 26S assembly is activated as a frustrated attempt of the immune cells to
compensate for the loss of 26S proteasome activity in immune cells of COPD patients. The activation of
immunoproteasome function in peripheral blood immune cells observed here is in contrast to the
previously described inhibition of proteasome activity in lung tissue of COPD patients. This discrepancy
might be resolved by the short-lived nature of peripheral immune cells, which prevents sustained
accumulation of oxidative damage but favours acute adaptation to oxidative and inflammatory stress in
COPD. Moreover, we speculate that there is an exposure dose or damage-related threshold for proteasome
function, which will either allow adaptive activation or detrimental inhibition depending on the duration
and extent of damage. This concept accords with homeostatic regulation circuits that are common for
cellular stress responses [43] and reflects the complexity of protein quality control in the cell.

Our present study is limited to the analysis of severe cases of COPD but provides first proof-of-concept
evidence for disease-related regulation of the immunoproteasome in peripheral blood cells. Of note, altered
immunoproteasome activity in blood immune cells of severe COPD patients might represent a potential
circulating biomarker for COPD severity, disease progression and exacerbation frequency. The analysis of
large cohorts with longitudinal data from COPD patients of different GOLD stages and lung healthy
control samples, which we are currently pursuing, will deliver the required statistical power to test our
biomarker hypothesis. This approach may also allow us to delineate whether the activation of the
immunoproteasome is an epiphenomenon of severe COPD or an early event and related to COPD disease
severity.

Therapeutic targeting of the immunoproteasome in COPD

Here, we describe a novel role for the immunoproteasome in COPD patients. The immunoproteasome was
activated in PBMCs isolated from severely ill COPD patients compared with healthy controls. Moreover, it
was further activated upon ex vivo stimulation of PBMCs with the inflammatory cytokine IFN-y or LPS.
Importantly, inhibition of the immunoproteasome with the specific inhibitor LU-005i attenuated
LPS-induced expression of pro-inflammatory cytokines such as IL-1B, IL-6 and IL-8 from isolated
PBMCs in vitro. In contrast, expression of IL-10 was activated by immunoproteasome inhibition, which
may contribute to protective immune regulation by this key anti-inflammatory cytokine [44]. One may
speculate that therapeutic application of immunoproteasome inhibitors may thus contribute to the
restoration of the dysfunctional immune system in COPD. Our data are well in line with studies showing
regulation of pro-inflammatory cytokine secretion such as IL-6, IFN-y and tumour necrosis factor-o. upon
immunoproteasome inhibition [45-48]. Immunoproteasome function also shapes dendritic cell programmes
and controls T- and B-cell differentiation [10]. In particular, immunoproteasome activity is crucial for the
differentiation and function of T-helper (Th) cell lineages, namely Th1l and Th17 differentiation [49].
Specific inhibition of the immunoproteasome revealed an extended function for immunoproteasomes in
autoimmunity with suppression of pro-inflammatory cytokine secretion, plasma cell-mediated antibody
production and Th17 differentiation [10, 45, 46, 50]. Accordingly, immunoproteasome inhibitors are
currently being tested in clinical trials for the treatment of autoimmune polymyositis and lupus nephritis
[12, 13]. Given the crucial role of chronic inflammatory signalling in the propagation of COPD as a
systemic disease [4, 51], the prominent role of T-regulatory cell Th1/Th17 function [52, 53] and the
potential involvement of autoimmune responses in COPD [54], therapeutic targeting of the
immunoproteasome might represent a novel therapeutic concept for COPD. Our in vitro data on the
reduced activation of inflammatory cytokines from circulating blood mononuclear cells suggest a beneficial
systemic effect of immunoproteasome inhibition that may diminish pro-inflammatory signalling in COPD
lungs and attenuate disease progression.
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