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GRAPHICAL ABSTRACT Main findings of the study. Cigarette smoke impairs virus-induced upregulation of the major histocompatibility complex
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'.) Cigarette smoke impairs virus-induced upregulation of the MHC class | antigen presentation
hock for machinery resulting in reduced activation of antiviral CD8" T-cells. This may reduce viral clearance
Updates and increase susceptibility to viral exacerbations in COPD. https://bit.ly/4300p3D
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Abstract
Copyright ©The authors 2023. Background Virus infections drive COPD exacerbations and progression. Antiviral immunity centres on the
activation of virus-specific CD8" T-cells by viral epitopes presented on major histocompatibility complex
(MHC) class T molecules of infected cells. These epitopes are generated by the immunoproteasome, a
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infected cells. Mass-spectrometry-based analysis of MHC class I-bound peptides uncovered the effects of
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ey ey — cigarette smoke on inflammatory antigen presentation in lung cells. IAV-specific CD8" T-cell numbers
commentary: were determined in patients’ peripheral blood using tetramer technology.

https://doi.org/10.1183/ Results Cigarette smoke impaired the induction of the immunoproteasome by cytokine signalling and viral
13993003.01030-2023 infection in lung cells in vitro, ex vivo and in vivo. In addition, cigarette smoke altered the peptide
Received: 15 July 2022 repertoire of antigens presented on MHC class I molecules under inflammatory conditions. Importantly,
Accepted: 24 May 2023 MHC class I-mediated activation of IAV-specific CD8" T-cells was dampened by cigarette smoke. COPD

patients exhibited reduced numbers of circulating IAV-specific CD8" T-cells compared to healthy controls
a and asthmatics.
af L Conclusion Our data indicate that cigarette smoke interferes with MHC class I antigen generation and
presentation and thereby contributes to impaired activation of CD8" T-cells upon virus infection. This adds
important mechanistic insight on how cigarette smoke mediates increased susceptibility of smokers and
COPD patients to viral infections.

Introduction

COPD is characterised by progressive airflow limitation and alveolar destruction, resulting in reduced lung
function and severely diminished quality of life [1]. >10% of the world’s population are diagnosed with
COPD, with a mortality that makes COPD the third leading cause of death globally [2]. Tobacco smoke
consumption is one of the main risk factors for developing COPD [1]. Exacerbations of the disease with
sudden decline in lung function are related to viral infections such as rhinovirus and influenza A virus
(IAV) or bacteria [3, 4] and contribute to COPD progression [5, 6].

A key player in antiviral immunity is the activation of cytotoxic CD8" T-cells which specifically kill
virus-infected cells. The importance of fast and effective CD8" T-cell activation in the control and resolution
of virus infections is currently being re-discovered in coronavirus disease 2019 patients [7, 8]. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) effectively impairs the ability of infected cells to
produce interferons, which under physiological conditions locally restrict virus replication and instantly
alarm the innate immune system [9]. Unhindered virus replication drives an overexpansion of innate immune
responses that contributes to hyperinflammatory lung immunopathology while protective T-cell responses
are delayed [10, 11]. Similarly, viral infections and acute exacerbations in COPD patients are characterised
by impaired viral clearance, hyperinflammatory innate immune responses and ineffective T-cell immunity
[3, 12-14]. In experimental mouse models, cigarette smoke exposure restricted not only antiviral innate
immune responses but also impaired activation of adaptive CD8" T-cells [15, 16], supporting the notion that
smoking is a major driver of impaired antiviral immune responses in COPD [17, 18].

Activation of antiviral cytotoxic CD8" T-cells is achieved upon recognition of virus-derived antigenic
peptides complexed with major histocompatibility complex (MHC) class I molecules on the surface of
virus-infected cells [19]. These viral epitopes are mainly generated upon intracellular degradation of viral
proteins by the immunoproteasome [20]. The immunoproteasome is a specialised type of proteasome (the
main protein-degrading machinery in the cell) that contains a set of inducible catalytic subunits, namely
low molecular weight protein (LMP)2, multicatalytic endopeptidase complex subunit (MECL)1 and
LMP?7. These subunits are transcriptionally induced upon virus infection by type I and II interferon (IFN)
signalling and contribute to the generation of antigenic MHC class I epitopes in virus-infected cells [20—
22]. Experimental infection of mice with pulmonary viruses causes pronounced induction of the three
proteolytic subunits of the immunoproteasome in the lung as an intrinsic part of the antiviral immune
defence [21, 23, 24]. Knockout mice lacking one or several of the proteolytic subunits of the
immunoproteasome are severely hampered in effectively combatting virus infections, demonstrating the
essential function of the immunoproteasome in antiviral T-cell immunity [21, 25]. We have previously
shown inhibition of the constitutively expressed immunoproteasome in immune cells by cigarette smoke
and in COPD causing impaired MHC class I-mediated CD8" T-cell activation in vitro and in vivo [26]. In
the present study, we investigated whether cigarette smoke interferes with cytokine- and virus-mediated
induction of the immunoproteasome and MHC class I antigen presentation in parenchymal cells of the
lung and the consequences thereof.

Methods
For details of the materials and methods, the reader is referred to the supplementary material.

Human samples

EDTA-blood samples of human leukocyte antigen (HLA)-A2-positive stable COPD (n=11) and asthma
(n=12) patients were obtained from the CPC-M bioArchive at the Comprehensive Pneumology Center
(CPC; Munich, Germany). Blood samples from lung healthy donors (n=10) were allocated from the
Helmholtz Center Munich. All COPD patients had received yearly IAV vaccinations. The study was
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approved by the local ethics committee of the Ludwig-Maximilians-University (Munich, Germany; ethic
vote #382-10). EDTA-blood from HLA-A2-positive healthy cigarette smokers (ex-smokers and current
smokers, n=7) and never-smokers (n=7, including one Shisha smoker) was obtained from the
BioMaterialBank North and approved by the local ethics committee of the University of Liibeck (Liibeck,
Germany; ethic votes 14-225 and 22-583). Written informed consent was obtained for all study
participants. Details on the study participants are given in table 1 and supplementary tables S1 and S2.

Statistical analysis

Data are shown as described in the figure legends. Comparison between two groups was analysed as
detailed in the figure legends, with statistical significance indicated as p<0.05, p<0.01, p<0.001 and
p<0.0001. Statistical analysis was performed using the software GraphPad Prism (version 9.00). Statistical
evaluation of the immunopeptidome analysis was performed using R studio 2021.09.1 and R version 4.1.2
(2021-11-01). Nonparametric two-way aligned rank transform ANOVA was performed using the R
package ARTool (0.11.1).

Results

Cigarette smoke impairs cytokine- and virus-induced upregulation of the immunoproteasome in vitro,
ex vivo and in vivo

We first validated virus-mediated induction of the immunoproteasome in lung epithelial cells using publicly
available datasets of IAV-infected mice. Single-cell RNA-sequencing (seq) data analysis resolved the most
prominent induction of the three immunoproteasome subunits Psmb8 (encoding LMP7), Psmb9 (encoding
LMP2) and Psmb10 (encoding MECL-1) in infected alveolar epithelial cells (AECs) (supplementary figure
S1a) [27]. Bulk RNA-seq data of AECs from IAV-infected mice showed highest upregulation of the
immunoproteasome subunits after 3 days of IAV infection (supplementary figure S1b) [28].

We then investigated the effects of cigarette smoke exposure on immunoproteasome induction in AECs in
vitro. In a first set of experiments, mouse MLE-12 AECs were stimulated with IFN-y and co-treated with
nontoxic doses of cigarette smoke extract (CSE) (supplementary figure 1c) [29]. Of note, 25% of CSE

TABLE 1 Patient characteristics

Control COPD Asthma p-value®

Sex

Female 80.00 8/10 36.36 4/11 50.00 6/12

Male 20.00 2/10 63.63 2/11 50.00 6/12 0.123
Age, years 55 (37-66) 10 60 (54-70) 11 48 (21-79) 12 0.060
BMI, kg'm_2 23.25 (19.53-35.11) 10 22.77 (17.72-35.56) 11 24.11 (18.17-35.06) 12 0.691
Comorbidities”

No 80.00 8/10 72.72 8/11 91.67 11/12

Yes 20.00 2/10 27.27 3/11 8.33 1/12 0.493
Immunosuppressive medication”

No 100.00 10/10 72.72 8/11 58.33 7/12

Yes 0.00 0/10 27.27 3/11 41.67 5/12 0.073
Smoking status

Current 10.00 1/10 0.00 0/11 8.33 1/12

Former 20.00 2/10 100.00 11/11 25.00 3/12

Never 70.00 7/10 0.00 0/11 66.67 8/12 0.002

Pack-years 0 (0-18) 8/10 32.5 (10-50) 10 0 (0-50) 12 <0.001
GOLD stage

1/n/m/1v 1/2/0/8

A/B/C/D 1/1/2/7
Asthma severity

I/ 1/0/2/1/8
FEV,/FVC, % 80.0 (70.0-90.0) 9 37.2 (20.2-69.7) 11 74.6 (54.8-89.5) 12 <0.001
FEV,/FVC % pred§ 99.88 (87.94-110.97) 9 47.77 (26.00-87.67) 11 93.37 (69.59-104.25) 12 <0.001

Data are presented as %, n/N or median (range), unless otherwise stated. Bold type represents statistical significance. BMI: body mass index; GOLD:
Global Initiative for Chronic Obstructive Lung Disease; FEV;: forced expiratory volume in 1s; FVC: forced vital capacity. *: differences between groups
were tested using Chi-squared test for categorical variables and Kruskal-Wallis test for continuous variables; *: defined as hypertension, myocardial
infarction or stroke; *: defined as oral immunosuppressive drugs (e.g. cortisone); °: percent predicted according to Global Lung Initiative [59].

https://doi.org/10.1183/13993003.01374-2022 3


http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01374-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01374-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01374-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01374-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01374-2022.figures-only#fig-data-supplementary-materials

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | J. CHEN ET AL.

significantly inhibited the induction of the two main catalytic subunits of the immunoproteasome LMP2
and LMP?7 after 24 h (figure 1a). This inhibition was evident also at lower doses of 10% CSE for all three
immunosubunits, including MECL-1, on the mRNA level (supplementary figure S1d). Next, we pre-treated
MLE-12 cells with CSE and transfected the synthetic double-stranded (ds)RNA analogue Polyl:C as a
surrogate for dsRNA virus infection. CSE dose-dependently inhibited immunoproteasome induction upon
co-treatment with PolyL:C (1 or 5 ug-mL™") in MLE-12 cells after 24 h as shown by Western blot analysis
(figure 1b). In MLE-12 cells infected with murine y-herpesvirus (MHV)-68, pre-treatment with 10% or
25% CSE also effectively counteracted virus-induced upregulation of the immunoproteasome after 72 h
(figure 1c). A similar, albeit less pronounced, inhibitory effect of CSE was observed for PolyI:C- or
IFN-y-mediated induction of the immunoproteasome in ex vivo lung tissue after 24 h of treatment when
using mouse precision-cut lung slices (figure 1d, supplementary figure Sle). Using an in vivo model of
cigarette smoke exposure and Polyl:C challenge, we dissected the kinetics of transcriptional
immunoproteasome activation at 2, 8 and 24 h after a single dose of 10 ug Polyl:C treatment. Cigarette
smoke exposure of mice for 24 days attenuated the acute induction of Psmb8, Psmb9 and Psmb10 after 8 h
of PolyI:C instillation (supplementary figure S2a). After 24 h of PolyI:C stimulation, the protein levels of
the immunoproteasome subunit LMP7 were also significantly reduced in the mouse lungs (figure 2a).
Staining of lung tissue sections for the immunoproteasome revealed that Polyl:C induced LMP2 mainly in
endothelial capillary and bronchial epithelial cells in response to Polyl:C (supplementary figure 2b). A
second mouse model confirmed these data for virus-induced activation of the immunoproteasome. In mice
that had been exposed to cigarette smoke for 28 days and then infected with MHV-68 for 7 days, protein
expression of LMP2 in the lung was significantly attenuated in smoke-exposed mice compared to
air-treated controls (figure 2b). As body weight, virus load and number of lung-resident CD3" and CD8"
T-cells were not significantly different in cigarette-smoke exposed mice compared to control mice
(supplementary figure S2c—f), the attenuated induction of LMP2 is probably not due to an altered viral
load or response to infection upon cigarette smoke exposure. Together, our data demonstrate that cigarette
smoke inhibits Polyl:C- and virus-induced upregulation of the immunoproteasome in mouse lungs.

Cigarette smoke impairs virus-mediated induction of the immunoproteasome and the class | MHC in
human epithelial cells

We further analysed the effect of cigarette smoke on virus-mediated induction of the immunoproteasome in
human cells. For that, we cultured primary human bronchial epithelial cells (pBAECs) at air-liquid
interface and infected them with clinically relevant virus strains, i.e. IAV or human rhinovirus (HRV)-16.
In a first set of experiments, pBAECs from three different donors were chronically exposed to low doses of
cigarette smoke extract (CSE; 5%) in the basolateral medium during the whole course of differentiation for
28 days [30]. Upon infection with TAV, we observed highest induction of the immunoproteasome after
3 days (supplementary figure S3a). Of note, CSE significantly impaired the IAV-mediated induction of the
immunoproteasome subunits LMP2 and LMP7 by IAV (figure 3a). In a second set of experiments, we
exposed airlifted pBAECs from two different donors (supplementary table S2) to two cigarettes a day
between days 14 and 28 of differentiation [31]. Cells were subsequently infected with HRV-16 and
immunoproteasomal gene expression was analysed 48 h after virus infection using reverse transcriptase
quantitative PCR. Cigarette smoke attenuated HRV-16-mediated induction of LMP2, but not LMP7 and
MECL-1 in donor 1 but not in donor 2 (figure 3b). The donor-specific response coincided with differential
regulation of IFN-B: donor 1 responded to cigarette smoke with reduced IFN- induction, while donor 2
was unaffected by cigarette smoke exposure (figure 3b). Our data thus demonstrate that cigarette smoke
can impair induction of the immunoproteasome in pBAECs in response to virus infection which can
impair virus-specific MHC class I antigen presentation and CD8" T-cell activation. We further analysed
the human alveolar-derived carcinoma cell line A549 and tested whether cigarette smoke impairs
virus-driven induction of MHC class I molecules. TAV-infection of A549 cells not only strongly induced
the immunoproteasome, but also upregulated surface expression of MHC class I by almost two-fold as
determined by flow cytometry (figure 3c and supplementary figure S3b). Nontoxic doses of CSE
counteracted virus-induced upregulation of the MHC class I and the immunoproteasome (figure 3c and
supplementary figure S3b and c).

Cigarette smoke impairs activation of IAV-specific CD8* T-cells

Next, we analysed whether cigarette smoke also dampened virus-mediated activation of CD8" T-cells. For
that we employed an IAV-specific CD8" T-cell activation assay which involved a CD8" T-cell clone that
recognises the IAV M15g g5 matrix protein epitope presented by HLA-A2 (figure 4a) [32]. The cognate
IAV epitope is generated by the immunoproteasome. Therefore, activation of the T-cell clone depends on
the efficient activity of the immunoproteasome upon IAV infection [33]. Primary human lung fibroblasts
(phLF) isolated from HLA-A2 positive donors were exposed to CSE or air, then infected with IAV and
co-cultured with the IAV-specific T-cell clone. The secretion of interleukin (IL)-2 was quantified to
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FIGURE 1 Cigarette smoke impairs interferon (IFN)-y and virus-induced upregulation of the

immunoproteasome in vitro and ex vivo. a) Immunoproteasome subunits low molecular weight protein (LMP)2
and LMP7 expression in MLE-12 treated with 10% or 25% cigarette smoke extract (CSE) and 75 IU-mL™" IFN-y
for 24 h. Densitometric analysis of LMP2 and LMP7 expression normalised to B-actin with control set to 1 in
IFN-y-treated cells. b) LMP2 and LMP7 expression in MLE-12 treated with 10% or 25% CSE for 24 h and then
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electroporated with 1 or 5pug'mL™ Polyl:C for 24 h. Densitometric analysis of LMP2 and LMP7 expression
normalised to B-actin with Polyl:C only group set to 1. c) LMP2 and LMP7 expression in MLE-12 treated with
10% or 25% CSE for 24 h and then infected with murine y-herpesvirus (MHV)-68 (multiplicity of infection (MOI)
1) for 48 h. Densitometric analysis of LMP2 and LMP7 expression normalised to B-actin with MHV-68 infection
group set to 1. d) LMP2 and LMP7 expression in mouse precision-cut lung slices (PCLS) treated with 10% or
25% CSE and co-cultured with 1 ug:-mL™" Polyl:C for 24 h. Densitometric analysis of LMP2 and LMP7 expression
normalised to B-actin with Polyl:C only group set to 1. Data are presented as meantsem, one-sample t-test;
* p<0.05, **: p<0.01.

determine antigen-specific T-cell activation (figure 4a) [32]. We confirmed that the applied dose of CSE
was nontoxic to the phLFs using MTT assays (supplementary figure S4a). IAV infection strongly induced
the expression of the immunoproteasome and activated the CD8" T-cells as indicated by a five-fold
increase in IL-2 secretion (figure 4b and supplementary figure S4b). Specificity of the T-cell clone towards
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FIGURE 2 Cigarette smoke impairs Polyl:C and virus-induced upregulation of the immunoproteasome in vivo.
a) Low molecular-weight protein (LMP)2 and LMP7 expression in mouse lungs 24 h after treatment with 10 ug
Polyl:C following 24 days of cigarette smoke (CS) exposure. Densitometric analysis of LMP2 and LMP7
expression normalised to B-actin loading with mean of controls (Ctrl) without Polyl:C treatment set to 1
(median, interquartile range). b) LMP2 and LMP7 expression in mouse lungs after 28 days of cigarette exposure
and subsequent infection with murine y-herpesvirus (MHV)-68 for 7 days. Densitometric analysis of LMP2 and
LMP7 expression normalised to B-actin with air mock control set to 1 (median, interquartile range). Kruskal-
Wallis test with Dunn’s post-test; *: p<0.05, ** p<0.01, ****: p<0.0001.
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FIGURE 3 Cigarette smoke impairs virus-mediated induction of the immunoproteasome and major histocompatibility complex (MHC) class | in
human epithelial cells. a) Low molecular weight protein (LMP)2 and LMP7 expression in primary human bronchial epithelial cells (pBAECs) from
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three different donors that had been cultured at air-liquid interface conditions with or without cigarette smoke extract (CSE) in their medium [30]
and infected with influenza A virus (IAV) for 3 days [60]. Densitometric analysis of LMP2 and LMP7 expression normalised to B-actin with untreated
group set to 1. b) pBAECs from two male healthy donors were infected with human rhinovirus (HRV)-16 for 2 days after exposure to two cigarettes
per day for 14 days during the air-liquid interface differentiation phase. mRNA levels for PSMB8 (LMP7), PSMB9 (LMP2) and PSMB10 (multicatalytic
endopeptidase complex subunit (MECL)-1) and /FNB1 (interferon-p) were determined using reverse transcriptase quantitative PCR and related to
housekeeping gene expression (HPRT and RPL32). Data are shown as four replicates per donor (mix of two technical and two independent cultures)
with meanzsem. ¢) Human leukocyte antigen (HLA)-ABC surface expression of A549 cells treated with 20% CSE for 24 h and infected with 1AV
(multiplicity of infection 1) for 24 h. Fluorescence intensity is shown as meantsem of three independent experiments. Ctrl: control; Iso: isotype;
FITC: fluorescein isothiocyanate; AMFI: change in mean fluorescence intensity. One-way ANOVA with Bonferroni post-test. *: p<0.05, **: p<0.01,
**: p<0.001.

M1 peptide recognition was confirmed by external loading of phLFs with the Mlsg_g¢ peptide
(GILGFVFTL) (supplementary figure S4c). CSE exposure significantly attenuated the capacity of
IAV-infected phLFs to activate the IAV-specific T-cell clone, but did not alter the T-cell response to
non-IAV-infected cells (figure 4b). These proof-of-concept data thus indicate that cigarette smoke mediated
inhibition of the immunoproteasome and MHC class I antigen presentation can result in impaired
activation of virus-specific CD8" T-cells upon virus infection of lung cells.

AN
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FIGURE 4 Cigarette smoke impairs activation of influenza A virus (IAV)-specific CD8" T-cells. a) Schematic
depiction of the IAV antigen presentation assay: immunoproteasome-dependent processing of the 1AV M1
matrix protein generates the M1sg g5 peptide, which is loaded onto human leukocyte antigen (HLA)-A2 major
histocompatibility complex (MHC) | molecules in the endoplasmic reticulum. HLA-A2/M1-peptide complexes are
transported to the cell surface where they activate the specific T-cell hybridoma cell line 4VAl to secrete
interleukin (IL)-2, which can be detected by ELISA. b) IAV-specific CD8" T-cell activation upon co-culture with
IAV-infected HLA-A2" primary human lung fibroblasts. Primary human lung fibroblasts (phLFs) were treated
with 10% cigarette smoke extract (CSE) in 1% fetal bovine serum for 24 h, infected with IAV (multiplicity of
infection 1) for 1 h and further cultured for 24 h with or without CSE to be then co-cultured with the CD8"
ifluenza-M1 protein specific T-cells at the ratio of 1:2 for 24 h. IL-2 secreted by the mouse-derived T-cell clone
was quantified from the supernatant (meantsem). Ctrl: control. Significance was analysed with one-way ANOVA
with Bonferroni post-test. *: p<0.05.
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Cigarette smoke profoundly alters the inflammatory MHC class | presented antigenic repertoire

These results of impaired MHC class I restricted T-cell activation prompted us to investigate the effect of
cigarette smoke on the pan-MHC class I antigenic repertoire using mass-spectrometry based
immunopeptidomics [34]. This peptidomics approach involves the pulldown of MHC class I molecules,
subsequent elution of MHC I-bound peptides and mass spectrometry based peptide identification. To meet
the requirements of large cell numbers, we employed the A549 human lung epithelial cell line and
investigated the effect of CSE on IFN-y-induced MHC class I restricted antigen presentation. A549 cells
were pre-treated with 20% CSE for 48 h and then co-treated for another 24 h with medium containing CSE
with/without IFN-y. The experiment was performed in three independent replicates with technical
duplications, i.e. mass spectrometry runs. While the chosen dose of CSE did not consistently inhibit
IFN-y-mediated induction of immunoproteasome expression after 24 h (supplementary figure S5a), we
noted attenuated induction of MHC class I molecules (HLA-ABC) in flow cytometry analysis
(supplementary figure S5b).

In our immunopeptidome analysis, we first determined the number of peptides that fulfil the requirements
of HLA-binding. With the outlined stringent selection criteria (see supplementary methods for details), we
identified between 400 and 1500 HLA-bound peptides per treatment (supplementary figure S6a). The
number of identified antigenic peptides was higher in IFN-y-treated cells, which is in line with previous
observations [35]. CSE-treatment of the cells did not grossly change the number of HLA-peptides at
baseline nor upon IFN-y-treatment (supplementary figure S6a). The distribution of peptides derived from
the different HLA class I alleles was affected by IFN-y, as shown before [36], but not by CSE treatment
(supplementary figure S6b). As IFN-y treatment induced the most pronounced changes in the overall
antigenic repertoire, we focused our analysis on the effect of CSE treatment on the IFN-y-induced
immunopeptidome. We detected 220 new MHC class I antigenic peptides after CSE/IFN-y-treatment
compared to IFN-y as visualised by Venn (figure 5a) and volcano plots (figure 5b). The new antigenic
peptides were derived from multiple proteins and related to diverse ontology terms with various cellular
localisation and molecular functions without enrichment for specific pathways (data not shown). Moreover,
301 peptides reproducibly identified in IFN-y-treated cells were less prevalent after CSE/IFN-y-treatment
(figure 5a and b). These were also derived from proteins of diverse ontology, functions and pathways.

Next, we investigated how differences in cellular protein abundance translated into altered MHC class I
antigen presentation upon combined CSE and IFN-y treatment. Therefore, we performed additional shotgun
proteomic analysis for each treatment conditions and then plotted the log,-fold change of MHC class I
antigenic peptides on the y-axis to the log,-fold change of protein abundance on the x-axis for each
treatment pair (figure 5c and supplementary figure S6¢). CSE/IFN-y-treatment upregulated seven antigenic
peptides due to elevated protein levels (upper right quartile, figure 5c and d). Seven antigenic peptides were
presented from proteins that were downregulated compared to IFN-y-treated controls (upper left quartile,
figure 5c and d). Most upregulated antigenic peptides were derived from proteins that were not altered in
expression by CSE/IFN-y compared to only IFN-y treatment (figure 5c and d). These changes in abundance
ratios of immunopeptidome and proteome were less pronounced when we compared CSE-treated cells to
untreated cells indicating that the initial proteome remodelling is driven predominantly by IFN-y and not
CSE treatment (supplementary figure S6c). We conclude that CSE shapes the immunopeptidome of A549
cells under inflammatory stimulation with IFN-y, but has only a minor impact on the steady-state proteome.
This remodelling of the inflammatory antigenic peptide repertoire by cigarette smoke has the potential to
affect CD8" T-cell activation and adaptive immune responses to virus infections.

COPD patients have reduced numbers of circulating IAV-specific CD8" T-cells

Considering the results of reduced virus-specific CD8" T-cell activation by cigarette smoke, we reasoned
that extended cigarette smoke exposure in smokers and COPD patients contributes to impaired activation
of antiviral adaptive immune responses. This might be detectable as reduced numbers of virus-specific
CD8" T-cells in the peripheral blood. We tested this concept by analysing the number of IAV-specific
CD8" T-cells in isolated peripheral blood mononuclear cells (PBMCs), comparing never-smokers to
ever-smokers (study cohort 1) (supplementary table S1 for study cohort) and comparing severe COPD
patients to lung healthy and asthma disease controls (study cohort 2). All COPD patients were former
smokers with duration ranging from 10 to 50 pack-years (table 1). To determine the number of
[AV-specific T-cells, we used the tetramer technology and focused on the immunodominant
HLA-A2-restricted IAV M1sg 46 epitope described earlier [37] restricted to HLA-A2. HLA-A2 tetramers
loaded with the Mlgg g6 bind specifically to IAV-specific CD8" T-lymphocytes, which can then be
quantified by flow cytometry (supplementary figure S7 for gating strategy and controls). As this IAV
epitope is HLA-A2 restricted, our study participants were first selected for HLA-A2 expression (table 1
and supplementary table S1). In our first study cohort, IAV-specific CD8" T-cells (as percentage of total
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FIGURE 5 Effect of cigarette smoke extract (CSE) on the inflammatory major histocompatibility complex (MHC)
class | immunopeptidome. a) Venn diagram of overlapping and unique MHC class | peptides identified in the
immunopeptidome of A549 cells (binding rank <2%, confidence score >4.2, n=3). Cells had either been
stimulated with 75 U-mL™" interferon (IFN)-y for 24 h or pre-treated with 20% CSE for 48h and then
co-stimulated with 75 U-mL™* IFN-y for the past 24 h. b) Volcano plot of the identified MHC class | peptides
from a). Significantly upregulated peptides from CSE and IFN-y-treated cells compared to IFN-y treatment
alone are depicted in red, significantly downregulated peptides are depicted in blue. A dashed horizontal line
indicates the significance threshold of 0.05. The two dashed vertical lines indicate the log, abundance ratio
thresholds of —1 and 1. c) Abundance comparison of peptides identified in the immunopeptidome and
proteins detected in the proteome from CSE and IFN-y-treated cells compared to IFN-y treatment alone.
Significantly upregulated MHC class | peptides are depicted in red, while significantly downregulated MHC class
| peptides are blue. Proteins significantly regulated in the proteome without significant changes in the
peptidome are depicted in black. Peptides significantly regulated in the proteome and the immunopeptidome
are labelled with their gene symbol. d) Enumeration of significantly regulated peptides from c).

CD3" cells) were not significantly different between never-smokers (n=7, including one Shisha smoker)

and ever-smokers

(n=7) (figure 6a).

There was

no correlation between the percentage of

CD3"CD8'TIAV-tetramer” T-cells and pack-years (data not shown). However, in the COPD patient cohort,
the absolute number of CD3*CD8'IAV-tetramer’ T-cells was lower in severe COPD patients compared to
lung-healthy controls and compared to asthmatics (figure 6b, supplementary figure S8a). Similarly, the
frequency of IAV-specific CD8" T-cells was significantly lower in COPD patients when related to the total
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FIGURE 6 Determination of influenza A virus (IAV)-specific CD8" T-cells in blood of lung-healthy controls and
COPD patients. a) Percentage of CD3"CD8IAV-tetramer(Tet)” T-cells within the fraction of all CD3" cells in
peripheral blood mononuclear cells (PBMCs) of lung-healthy controls who are never-smokers (n=7, including
one Shisha smoker) compared with ex-smokers or current smokers (n=7). b) Absolute numbers of
CD3*CD8"IAV-tetramer® T-cells (cells:uL™) in isolated PBMCs of COPD patients (n=9) and age-matched
lung-healthy controls (n=10). Clinical characteristics can be found in table 1. c) Percentage of
CD3"CD8'IAV-tetramer” T-cells within the fraction of all CD3" cells in PBMCs of lung healthy controls (n=9) and
COPD patients (n=10). Data are presented as median (interquartile range); significance was tested using Mann-
Whitney U-test. *: p<0.05, **: p<0.01.

number of CD3" cells present in PBMC samples of these patients (figure 6c, supplementary figure S8b).
These data support the concept that COPD patients have an impaired antiviral CD8" T-cell response [17,
18]. However, the small number of study participants and their heterogeneous smoking habits
(supplementary table S1) limit the conclusion and warrant further analysis.

Discussion

In this study, we demonstrate that cigarette smoke impairs cytokine- and virus-induced upregulation of the
immunoproteasome/MHC class I antigen presentation machinery which associates with reduced activation
of antiviral CD8" T-cells. We used different model systems ranging from in vitro mouse cell lines, ex vivo
lung cultures, in vivo mouse experiments to the use of primary human cells and the testing of clinically
relevant viruses, i.e. IAV and HRV-16. Moreover, mass-spectrometry based immunopeptidome analysis
unravelled a major remodelling of the inflammatory MHC class I antigenic repertoire by cigarette smoke.
The concept that cigarette smoke interferes with effective antiviral CD8" T-cell immunity was further
corroborated by the finding that severe COPD patients with a smoking history had reduced numbers of
influenza-specific peripheral CD8" T-cells compared to lung healthy controls and asthma patients.

Cigarette smoke interferes with IFN-mediated antiviral inmune responses

While our previous studies analysed the effects of cigarette smoke on immunoproteasome function in lung
immune cells, lung tissue [26, 38] and peripheral blood cells [39], here we focused on the effect of
cigarette smoke on cytokine- and virus-mediated induction of the immunoproteasome in nonimmune cells.
Our data are in line with and extend previous studies reporting reduced responsiveness of epithelial cells to
IFNs or viruses when exposed to cigarette smoke extract [40—42]. Furthermore, our results are supported
by recent studies on cigarette smoke exposure of SARS-CoV-2 infected airway epithelial cells [43] and ex
vivo human lung cultures [31]. While the focus of these studies was on the suppression of antiviral innate
immunity by CSE and how CSE interfered with IFN signalling [44, 45], our data reveal an association
between CSE-induced impairment of IFN responses in infected cells and adaptive CD8" T-cell activation
via the immunoproteasome/MHC class I antigen presentation machinery. We thereby provide a mechanistic
link to the previously reported impairment of CD8" T-cell activation in cigarette smoke-exposed mice
upon viral infection [14, 46]. We observed varied effects of cigarette smoke on the expression of
individual immunoproteasomal catalytic subunits. The underlying mechanism requires further
investigation. However, it is appreciated that the catalytic subunits of the immunoproteasome are
differentially regulated under inflammatory and stress conditions [21, 47]. To this end, we recently
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demonstrated in a large population-based cohort that the activity of the catalytic subunits of the proteasome
in peripheral blood cells are differentially regulated depending on sex and age and chronic inflammatory
diseases [48]. Overall, the immunoproteasome function is not only regulated by the expression of the
catalytic subunits, but also by their proteolytic activity, which is impaired by cigarette smoke [26, 29, 38].
Of note, cigarette smoke not only suppressed cytokine- and virus-mediated induction of the
immunoproteasome in multiple models including different viruses, but also counteracted virus-induced
upregulation of MHC class I molecules, which accords with previous reports [26, 49]. Our
immunopeptidomic analysis revealed an additional layer of regulation by cigarette smoke, inducing
qualitative changes of the inflammatory MHC class I immunopeptidome. We observed >200 novel
antigenic peptides that were presented in CSE/IFN-y co-treated compared to IFN-y stimulated cells while
several antigens were lost upon CSE treatment. These antigens were derived from proteins across multiple
cellular pathways and not enriched for specific molecular functions. Most of these peptides were not
regulated on the protein level. Taken together, we here demonstrate that cigarette smoke interferes with
MHC class I mediated antigen presentation on multiple levels ranging from reduced immunoproteasome
induction, altered antigenic epitope generation and diminished MHC class I upregulation. All these
mechanisms add to reduced CD8" T-cell activation as observed in this study. Our data thus provide
important mechanistic insight on how cigarette smoke impairs CD8" T-cell immune responses which
hinder viral clearance.

Defective antiviral immunity in COPD patients

Our in vitro data showing defective MHC class I antigen presentation and antiviral CD8" T-cell activation
are supported by our observation of reduced frequencies of influenza-specific peripheral CD8" T-cells in
COPD patients compared to healthy controls and asthmatics. Our data accord with a study from 2005
reporting lower levels of RSV-specific CD8" T-cells in the blood of COPD patients [50]. The functionality
of IAV-specific and total CD8" T-cells in COPD patients as assessed by surface expression of the
degranulation marker CD107a and intracellular IFN-y staining was not altered (data not shown). This
finding is consistent with published results reporting similar cytokine production of healthy and
COPD-derived CD8" T-cells after in vitro vaccine stimulation [51], but contrasts with observed elevated
inflammatory capacity of CD8" T-cells from COPD patients when activated in vitro [52]. Conflicting data
are further reported regarding the numbers, phenotypes and functionality of circulating and lung-resident
CD8" T-cells in stable COPD patients [53, 54]. However, a recent meta-analysis on this topic seemingly
supports the notion of elevated levels of peripheral CD8" T-cells in COPD that lack full functionality [53].
For lung-resident CD8" T-cells, upregulation of programmed cell death protein (PD)-1 and reduced
functionality was reported [55]: the Wilkinson lab demonstrated that ex vivo infection of COPD lung tissue
with TAV upregulated PD-1 on CD8" T-cells derived from COPD tissue more strongly compared to control
tissue which was associated with reduced degranulation capacity of these cells. Biton et al. [56] reported
exhaustion of lung tumour resident CD8" T-cells to be more prevalent in patients with accompanying
COPD Global Initiative for Chronic Obstructive Lung Disease stages II+III. An elegant mouse experiment
showed that cigarette smoke-induced emphysema functionally impaired early cytotoxic CD8" T-cell
responses against lung implanted cancer cells [15]. These observations raise the intriguing question
whether ineffective clearing of virus infections by defective CD8" T-cell immunity might not only
contribute to the increased susceptibility of COPD patients to viral exacerbations, but also drive disease
development when latent viral infections and cigarette smoke synergistically add to chronic inflammation
and tissue damage in COPD, as suggested previously [3].

Strength and limitations of this study

In this study, we analysed the effect of cigarette smoke on several components of the complex process of
MHC class I antigen presentation, i.e. altered virus-mediated immunoproteasome induction, reduced MHC
class I surface expression and generation of novel antigenic epitopes. For that we used in vitro, ex vivo and
in vivo models that allowed us to obtain proof-of-concept evidence for the effect of cigarette smoke on the
single components. It is most likely that the diminished activation of CD8" T-cells by cigarette smoke
involves the combined impairment of the entire immunoproteasome/MHC class I antigen presentation
machinery. Our study is limited to the use of a single HLA-A2-restricted IAV epitope, namely the M1sg_¢¢
antigen. We have focused on this epitope as it is well known that the generation of this antigen depends on
the catalytic activity of the immunoproteasome [33, 57]. We can thereby relate CD8" T-cell activation to
the activity of the immunoproteasome. While there are multiple other well-known IAV antigens and
corresponding CD8" T-cell clones available [32], it is unknown whether the generation of these viral
antigens depends on the immunoproteasome. Another reason to focus our tetramer analysis on an
HLA-A2-restricted TAV epitope is that HLA-A2 the most prevalent allele family in all ethnic populations
[58]. Despite these limitations, our data provide important mechanistic insight into how cigarette smoke
might hamper antiviral CD8" T-cell responses. Still, the number of study participants in our two study
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arms is rather small. However, incorporation of a lung healthy control and an asthma disease control group
strengthen our conclusions. Importantly, our study provides conceptual evidence for altered MHC class I
antigen presentation in COPD disease exacerbation, a topic that has been under-studied so far.
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