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Altered proteasome composition attenuates tumor immunogenicity in NSCLC
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Abstract

Immunoproteasomes are key for antigen processing and presentation and have been recently implicated in the
responsiveness to immunotherapy. By profiling the degradation landscape in lung cancer tissue and adjacent
controls we found tumor-specific alterations and increased proteasomal degradation in non-small cell lung cancer
(NSCLC). Our analysis revealed that the proteasome activator, PA200/PSME4, is increased in NSCLC and is
associated with poor survival. We show that PSME4 reduces tumor inflammation by inhibiting interferon signaling
and the downstream activation of its transcriptional program. Further, we found that PSME4 directly binds to and
attenuates the activity of the immunoproteasome, which in turn restricts the HLA landscape. We therefore
hypothesized that these cancer-associated proteasomes may contribute to resistance mechanisms to immunotherapy.
Consistent with this possibility, we found that the ratio between PSME4 and the immunoproteasome was
significantly associated with poor response to immune checkpoint blockade. Finally, we could show that reducing
PSME4 expression drives anti-tumor immunity and inhibits tumor growth in vivo. Collectively, our results provide
novel understanding for regulatory mechanisms underlying tumor proteostasis and offer PSME4 as a novel target

for sensitizing response to immunotherapy in NSCLC and other cancer types.



Introduction

Recent advances in cancer immunotherapy have revolutionized clinical care of cancer patients in several cancer
types, including lung cancer. While immune checkpoint inhibitors (ICI) show great promise, many tumors are
resistant to these therapies and major efforts are underway to reveal the underlying mechanisms (1-4). Mutational
burden, inflammation and immune infiltration were all suggested to play critical roles in response to ICI in
melanoma and Non-Small Cell lung Cancer (NSCLC; ((5-12)). High levels of immunoproteasomes, which are
associated with improved antigen presentation on MHC class I, were also shown to be predictors of response to ICI
in melanoma (8, 10, 13-16). Yet, whether this association will hold true in other types of cancers, such as NSCLC,

is unknown.

The proteasome is the key intracellular protease involved in the generation of MHC class | antigens (17).
Specifically, immunoproteasome function has been shown crucial for the generation of tumor-associated antigens
that drive effective cytotoxic clearing of tumor cells by CD8" T cells (18-23) The core of the immuno- and
constitutive 20S proteasome differs by three catalytic subunits, i.e. PSMB8, PSMB9, PSMB10 that are encoding
LMP7, LMP2 and MECL1, respectively. The immunoproteasome is induced by inflammatory cytokines, such as
interferons (IFN) and is constitutively expressed mainly in immune cells (24-26). Previous studies uncovered an
altered cleavage pattern by the immunoproteasome, which is responsible for generating more hydrophobic peptides,
that are thought to be preferential for MHC class | presentation. Beyond antigenicity, immunoproteasomes were
also shown to mediate inflammatory signaling and innate and adaptive immune cell activation (27, 28). Recent
clinical development of proteasome and immunoproteasome inhibitors further highlights the importance of
elucidating their role in the context of anti-tumor immunity. Aside from changes in the catalytic sites, proteasome
function is also affected by specific regulatory particles such as the 19S subunit (PSMC1-6 and PSMD1-14), and
the alternative regulators PA28af (PSME1+2), PA28y (PSME3) or PA200 (PSME4) (29-32) that bind the catalytic
core. The 19S has been shown to be pivotal for binding of ubiquitinated species and substrate unfolding, while the
others are suggested to have more specialized roles, including mediating inflammatory responses, histone
degradation, and the response to DNA damage (29, 31, 33-40). The different catalytic cores, together with the
diverse range of regulatory subunits, introduce great potential diversity for generating hybrid proteasomes of the
20S core particle with different combinations of regulatory caps, thereby altering protein cleavage (41-45). Yet, the
physiological role of such hybrid forms in general and how they may shape the cellular degradation landscape in

cancer (43) remains poorly understood.

It has been suggested that the binding of alternative regulators to the 20S core particle mediates specific substrate
degradation (30) . We have recently developed a novel approach to profile the degradation landscapes in cells and
tissues using MS analysis of proteasome-cleaved peptides (MAPP) (46, 47). Here, we applied this method to analyze

clinical samples of resected lung tumors. We discovered a distinct signature of proteasome degradation that was
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associated with NSCLC. Importantly, we found an altered proteasome composition and increased degradation of
proteins in the cancerous tissues when compared to adjacent non-tumor tissue. Notably, we found significant
upregulation of PSME4, and could show it is associated with poor survival of patients with NSCLC. Biochemical
and cellular characterization of the functional consequences of PSME4 upregulation revealed that it directly
attenuates immunoproteasome activity leading to reduced tumor immunogenicity. Further, we show that PSME4-
associated proteasomes play an anti-inflammatory role in NSCLC, contributing to tumor growth in vivo. Finally,
we demonstrate that PSME4 is associated with a ‘cold” tumor signature which may impact resistance to ICI therapy.
Collectively, our findings uncover the degradation landscape of NSCLC and elucidate a causal role of PSME4 in
shaping the tumor landscape to suppress anti-tumor immunity. Beyond novel insight into proteasome biology, our
work introduces a novel paradigm by which proteasome hybrids and composition should be examined in the context

of tumor immunogenicity and immunotherapy in NSCLC and beyond.

Results

To analyze the degradation landscape in NSCLC we performed mass spectrometry analysis of proteolytic peptides
(MAPP; (46)) on tumor and adjacent lung tissues (Fig. 1A, Table S1). This analysis allows us to capture proteins
as they are targeted for proteasomal degradation (47). We found significantly more proteasome-cleaved peptides in
the tumor degradome as compared to the adjacent tissue (Fig. 1B and S1A). Both protein abundance, determined
through whole cell proteomics, and MAPP degradation analyses effectively separated cancerous tissue from
adjacent lung tissue (Fig. 1C and S1B to E and Table S2 and S3). Focusing on the degradation signature, we
identified 59 differential proteins which were degraded mostly in the tumor samples and were shared among patients
(Fig. 1D and S2A to B, Table S4). We could further confirm mRNA expression of most of these targets based on
the TCGA lung cancer cohort (Fig. S2C; (48)). Notably, these cancer-specific degradation substrates were not
among the most differential in protein abundance and about 10%, were not detected in the whole cell proteomic at
all (Fig. S2B to C). This suggests that the degradation signature identified by MAPP reflects proteome changes that
may not be captured by whole cell proteomics. Examination of the nature of the differential degradation substrates
revealed proteins from a diverse set of biological functions and a significant enrichment for nuclear proteins, which
were preferentially degraded in the tumor samples (Fig. 1E-F). By contrast, no significant change was observed in
the degradation of cytosolic proteins (Fig 1G). The increased number of proteasome-cleaved peptides, together with
the observed increase in nuclear degradation, which was previously associated with specific regulatory subunits
(34, 38, 49), suggests that proteasome composition may be altered between the tumor and adjacent tissue.
Comparing the abundance of proteasome subunits in the cancer and adjacent control tissue in whole cell proteomics,
we found that the regulatory caps (PSME1, PSME2, PSME3 and PSME4) were increased in expression in the

cancerous tissue, whereas no significant changes were observed in the core subunits of the constitutive 20S and
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Fig 1. Increased PSMEA4 levels alter proteasome composition and reduce survival in NSCLC. (A) Schematic representation of the
workflow. Analysis of lung adenocarcinoma tumor and adjacent lung tissue was performed using standard whole cell extract proteomics
to assess protein abundance and MAPP to study the proteasome composition and degradome of the sample (N=16 samples). (B) The
number of peptides identified in the tumor degradome (MAPP) was significantly higher than the adjacent samples (Wilcoxon paired t
test p = 0.016). (C) Heatmap of the peptides (n = 4891) identified in the tumor and adjacent degradomes by MAPP. Rows and columns
were clustered using spearman clustering distance and rows split by kmeans (clusters = 3). (D) Proteins identified as degraded primarily
in tumors or adjacent tissue (n =59). Rows and columns were clustered using semi-supervised Pearson distances. (E) Proteins identified
in MAPP organized by their annotated location (Human Protein Atlas). Proteins are colored based on the mean of degradation ratios
between tumor and adjacent tissues across patients (orange: above median degradation ratio, blue: negative ratio, black: intermediate).
Proteins which are annotated to more than one organelle appear twice. (F-G) The mean ratio of degradation (MAPP) between the tumor
and adjacent tissues for proteins annotated to the nucleus (F) or cytosol (G) versus other proteins. The nuclear proteins on average had
significantly higher ratio compared to the background proteins (Wilcoxon p = 0.037). (H) The abundance of all the proteasome subunits
based on the whole cell (WC) Proteomics across the samples (Log 10 Normalized LFQ Abundance, bottom of the figure). Normalized
mean abundance of the proteasome subunits in the sample is shown on the right. The ratio between subunit abundance in the proteasome
immunoprecipitation from tumor and adjacent tissue per patient (top). Colors and diagrams indicate the identity of the proteasome
subunits. (1) PSME4 is significantly more abundant in the pulldown from tumor samples as compared to adjacent tissue (**Wilcoxon P
= 0.0078). (J-K) Tumor and adjacent tissue from an Israeli (J) or German (K) cohort was blotted for PSME4 abundance with tumors
showing higher total PSME4 levels. $-Actin was blotted as a loading control. (J) Immunohistochemistry of PSME4 in the tumor and
adjacent tissues shows increased abundance in the tumor tissue with nuclear localization in both. (M) Lung cancer samples showed that
tumors with increased staining of PSME4 (immunohistochemistry) had significantly reduced survival compared to patients with tumors
expressing low levels of PSMEA4.
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immunoproteasome (Fig. 1H). Among these, the nuclear proteasome subunits PSME3 (encoding PA28y) and
PSME4 (encoding PA200) were the most upregulated (Fig. 1H-1 and S3A). This observation was confirmed in our
MAPP analysis revealing a similar enrichment of these regulators in cancer tissue (Fig 1H upper panel). Previous
studies described an association between beneficial prognosis in NSCLC and high expression of PSMEL and
PSME2 (encoding PA28af3), while targeting of PSME3 was shown to inhibit NSCLC tumor growth (43, 50).

However, a role for PSME4 in tumors has not been examined to date and therefore we chose to focus on it.

We found that PSME4 is abundantly expressed in NSCLC tumors compared to adjacent lung tissue as demonstrated
in two independent patient cohorts (Fig. 1J and K and S3B to C). Immunohistochemical staining confirmed
increased PSME4 abundance mainly in the nucleus of NSCLC lung cancers (Fig 1L and S3D and E). To further
substantiate the relevance of PSME4 in clinical settings, we stained lung tumor samples of patients with NSCLC
lung adenoma carcinoma (LUAD), squamous cell lung cancer (SQCLC) or small cell lung cancer (SCLC) (n=60)
for PSME4 protein expression. Of note, high levels of PSME4 were specifically detected in LUAD and SQCLC
compared to SCLC and correlated with poor prognosis as indicated by a significant decrease in patient survival
(Fig. 1M and S3F). PSME4 is associated with DNA repair (33, 34, 36, 38, 39), and its deficiency increased
sensitivity to ionizing radiation in cancer (35). Furthermore, smoking is associated with alterations in proteasome
activity (51). We therefore speculated that PSME4 expression was upregulated by smoking-induced DNA damage.
Indeed, analysis of NSCLC expression data (TCGA LUAD (48)) revealed higher PSME4 expression in patients
with a history of smoking, in correlation with increased tumor mutational burden and DNA repair signatures (52)
(Fig. S4A to C).

The high expression of PSME4 in NSCLC suggests that this proteasome regulator shapes the degradation landscape
of tumor cells through modulation of proteasome activity. Proteolytic activity of the proteasome differs between
constitutive 20S and immunoproteasome (2426, 53). We assessed proteasome activity in cellular extracts of A549
lung cancer cells upon addition of purified PSME4 using model substrates for defined constitutive and
immunoproteasome cleavage sites (54)(Fig. S5). We confirmed that the recombinant PSME4 effectively bound to
20S and 26S proteasome complexes in functional extracts (Fig. S6A and B). We observed an increase in the caspase-
like (B1) and a decrease in the tryptic-like ($2) and chymotryptic-like (B5) activity of the constitutive proteasome
upon addition of recombinant PSME4 (Fig. 2A-C). Intriguingly, PSME4 inhibited both the B1i and B5i activities
under inflammatory conditions (stimulated with TNFa and IFNy), in which the immunoproteasome is predominant
(Fig. 2D and E). However, under steady state-conditions a slight increase in the B5i chymotryptic-like activity is
observed (Fig. 2E). These results suggest that PSME4 differentially regulates the catalytic activities of the
proteasome. This PSME4-mediated shift in proteolytic activities possibly counteracts the generation of antigenic
epitopes by the immunoproteasome under inflammatory conditions. Immunoprecipitation of PSME4 and

biochemical fractionation confirmed that it interacts with the constitutive and immunoproteasome core subunits as
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Fig 2. PSME4-induced changes in proteasome function restrict cleavage activities and antigenic diversity. (A-E) Proteasome
activity assays using the indicated fluorogenic substrate. Relative fluorescence (RFU) of the substrate is shown across the 3.5 hours of
the experiment (top) or at the endpoint (bottom). A549 lysates were treated with TNFa and IFNy (T+I; red) or untreated (blue) and
recombinant PSME4 was added to the lysate where indicated (paired T-test; **P <0.01, **** P < 0.0001). (F) Proteasome complexes
were immunoprecipitated (IP) with the indicated antibody from A549 cells that were either treated with TNFa and IFNy or left untreated
and blotted for the indicated proteasome subunits. (G) MAPP identified peptides were divided based on their carboxy terminus residue.
The percentage of peptides with each terminus was calculated for each sample and normalized across patients. Amino acids are annotated
with their GRAVY (grand average of hydropathy) score, biochemical properties and matching cleavage activity; rows are clustered using
Pearson distances. (H — J) The c terminal residue of the peptides was used to classify them based on the proteasome activity attributed
to their cleavage. The abundance of PSME4 in the samples based on WC proteomics correlated with the caspase-like signature (H;
spearman rho = 0.69) and the chymotryptic-like signature (I; spearman rho = 0.33) and was anti-correlated with the tryptic-like signature
(J; spearman rho = -0.46). (K) The percentage of each amino acid in the carboxy terminus of the differential peptides presented in the
A549 cells overexpressing PSME4 (PSME4 OE; y-axis) is plotted against empty vector control (PSME4 WT; x-axis). Residues are
colored based on the associated cleavage activity and a dotted line is shown for X=Y. (L-M) The percentage of each amino acid at each
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peptide residue is shown. The first through seventh position (posl — pos7) as well as the carboxy terminus of each peptide (end) is shown
for both the peptides more abundant in the PSME4 WT (L) or PSME4 OE (M) immunopeptidome. (N) The cumulative percentage of
peptides explained by each additional amino acid type (from one amino acid to all twenty) is shown for the second peptide position (top)
or carboxy terminus (end position, bottom). Each graph compares between peptides more abundant in the PSME4 WT (WT, red) or
PSME4 OE (OE, grey) immunopeptidome.

well as the 19S and PSMEL1 regulatory caps (Fig. 2F and S6). We further confirmed the presence of hybrid PSME4-
20S-PSMEL1 proteasomes by reciprocal immunoprecipitation with a PSME1-specific antibody (Fig. 2F and S6).
Notably, when both recombinant PSME1 and PSME4 were added to cellular lysates, we observed inhibition of all
measured proteasome activities (Fig. S7). Taken together, our results indicate that PSME4 attenuates

immunoproteasome-associated cleavage under inflammatory conditions, thereby restricting proteasome function.

We next sought to examine whether the observed biochemical effect of PSME4 can be detected in the NSCLC
clinical cohort. To that end, we analyzed the proteasome cleavage sites in the degradome. We found that the amino
acid composition of the carboxy terminal residue of the degraded peptides differed between the tumor and adjacent
samples (Fig. 2G). Notably, caspase- and chymotryptic-like cleavage positively correlated with the abundance of
PSME4, while tryptic-like cleavage negatively correlated with it (Fig. 2H to J). As proteasome-cleaved peptides
serve as the major source of class | MHC antigens and changes in cleavage can affect presentation (16, 17, 55, 56),
we hypothesized that PSME4 may alter antigen presentation. Next, we performed HLA immunopeptidomics of
A549 cells with PSME4 overexpression (OE) compared to control. We identified 463 peptides that were
significantly changed upon PSME4 OE (Fig. SBA and B, Table S5). As caspase-cleaved peptides do not bind well
to the MHC haplotypes in A549, they are not highly presented in either condition. However, the percentage of
peptides with tryptic termini were decreased (Fig. 2K), corresponding with the PSME4-induced changes to the
cellular degradome. (Fig. 2H to J). When examining the distribution of amino acids across the differentially
presented peptides we found that the peptides presented in the PSME4 OE are less diverse than those in the A549
control cells (Fig. 2L and M). Specifically, while only 4 residues make up 80% of the peptide carboxy termini in
the PSME4 OE, 9 residues describe the same percentage of peptides in the control A549 immunopeptidome,
restricting the observed diversity of presented antigens (Fig. 2N and S8C). Examining the protein source of the
presented peptides, we observed an enrichment of nuclear proteins in the immunopeptidome following PSME4
overexpression (Fig S8D). This is consistent with increased degradation of nuclear proteins in the cancer
degradome. Thus, our results suggest that PSME4 modulates proteasome activity and thereby decreases the

diversity of the cellular immunopeptidome.

To gain insight into the functional consequences of PSME4 upregulation in NSCLC, we stratified patient tumors
based on their PSME4 expression levels and associated it with cellular functions. We found that PSME4-high

tumors were enriched with pathways related to cell cycle and DNA replication (Fig S9), whereas PSME4-low
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tumors were associated with many immune-related pathways (Fig. 3A). Proteomic analysis of PSME4-deficient
A549 cells (Fig. 3B and C and S10A to B, Table S6) revealed that IFN signaling pathways were enriched following
stimulation (Fig. 3D and S10C to E). By contrast, KRAS signaling and epithelial to mesenchymal transition (EMT)
pathways were enriched in control conditions (Fig. S10F). Validation by gPCR showed significant increase in the
expression of genes downstream to these signaling pathways, such as IFN inducible genes IFIT1 and ISG15 in
PSME4-deficient cells (Fig. 3E). Interestingly, while STAT1 and STAT?2 were more abundant than in the PSME4-
depleted cells, STAT3 and STATS were reduced (Fig. 3F and S10G). STAT1 and STAT3 have previously been
shown to play opposing roles in cancer-related inflammation with STAT3 serving a pro-oncogenic role (57).
Consistent with this, we also observed a decrease in IL-6 expression upon PSME4 depletion, a hallmark of STAT3
signaling (Fig. 3G).

As immunoproteasome expression was previously shown to be induced by IFN (24-26) we speculated that
PSME4 may impact the transcriptional regulation of the immunoproteasome. Consistent with this, by comparing
the expression pattern of proteasome subunits across 1129 patients in the NSCLC TCGA cohort (TCGA-LUAD),
we found that PSME4 was anti-correlated with both the core and regulatory particles of the immunoproteasome
with PSMB10 being the most anti-correlated immunoproteasome subunit (Fig. 3H). To further substantiate this and
examine whether there might be a causal relationship between PSME4 and immunoproteasome expression, we
examined the response to TNFa and IFNy induction in PSME4-deficient cells. We found that both the catalytic and
regulatory subunits of the immunoproteasomes were increased upon loss of PSME4 (Fig. 31-J and S11A to B).
Indeed, PSME4-depleted cells exhibited reduced caspase-like activity, which is associated with PSME4 (Fig S11C).
The marked change in cleavage specificities together with the inflammatory signature associated with PSME4
depletion suggested it may have a direct effect MHC levels on the cell surface (16, 56, 58, 59). Indeed, we could
show by FACS analysis that PSME4-depleted cells exhibited a significant increase of 30% in surface MHC |
expression (Fig 3K to L and S12). Collectively, our findings highlight a role for PSME4 in regulating
immunoproteasome expression and modulating downstream activation of IFN signaling, suggesting that PSME4-

capped proteasomes may play an anti-inflammatory role in NSCLC.

Our findings raise the intriguing possibility that, similar to the association of high expression of immunoproteasome
with an inflamed ‘hot” tumor state (Fig. S13 and S14), a ‘cold’ tumor state may be defined in correlation to increased
PSME4 expression in NSCLC. In support of this hypothesis, we found that tumors with high expression of PSME4
exhibited significantly lower T cell inflammation signature (Fig. S13 and S14) in NSCLC, suggesting PSME4 may
modulate anti-tumor immunity and the response to immunotherapy. Furthermore, in melanoma,
immunoproteasomes were positively associated with response to ICI (15, 60) and indeed, we could not detect any
change in PSME4 abundance (Fig. S15). However, since PSME4 anti-correlates with the immunoproteasome in

NSCLC, we hypothesized that the balance between PSME4 and immunoproteasome may affect the response to ICI.
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Fig. 3 PSME4 attenuates cellular inflammation and antigenicity. (A) The TCGA LUAD samples were stratified by PSME4
expression and PSME4- high samples were compared to PSME4- low (n = 230 samples). The normalized enrichment score for KEGG
pathways significantly overrepresented in PSME4-low samples are shown. Dot color indicates FDR threshold and size indicates number
of genes in the pathway (Group Size). (B) Lysates of A549 cells with PSME4 knockdown (shA223 and shA073) or control (shCtrl) were
blotted for PSME4 and B-Actin as a loading control. (C) gPCR of PSME4 in A549 cell line following depletion of PSME4 with shA223
or shA073 compared to shCtrl with and without stimulation with TNFa and IFNy (paired T test **¥P < 0.01 and *P < 0.05). (D) The log2
transformed ratio of protein abundances following stimulation with TNFo and IFNy compared to unstimulated (UT) is shown for PSME4
depleted A549 cells (shPSMEA4, y-axis) and control (shCtrl, x-axis). Proteins involved in IFN signaling are marked. Point size indicated
significance of the difference between shCtrl+TI and shPSME4+T]I. Points which significantly differed in the two conditions (student’s
t test P < 0.05) are labeled with the gene name. (E) qPCR of genes downstream IFNy activation (TNFa, IFIT1, A20 and ISG15) following
stimulation with TNFa and IFNy. Cells infected with shPSME4 are compared to shCtrl in A549 cell line (paired T test **P < 0.01 and
*P <0.05). (F) Abundance of STAT proteins from shPSME4 or shCtrl infected cells stimulated with TNFa and IFNy. (G) gPCR of IL6
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(students’ T test *P < 0.05). (H) The pairwise spearman correlation of the proteasome subunits across the TCGA LUNG cohorts (n =
1027). Color annotations indicate subunit identity. (I) A549 lysates from shPSME4 or shCtrl infected cells stimulated with TNFo and
IFNy or untreated were blotted for the indicated proteasome subunits and B-Actin as a loading control. (J) gPCR of proteasome regulators
PSME1/2 in A549 cell line with PSME4 KD or shCtrl (Ctrl) following stimulation with TNFa and IFNy (T1) or untreated. The treatments
are normalized to the untreated shCtrl in A549 cell line (Welch’s corrected T test **P < 0.01 and ***P < 0.001, ****P <(.0001). (K-L)
Histogram (L) and median fluorescence intensity (M) from fluorescence-activated cell sorting (FACS) analysis of MHC-I expression
using a pan HLA-A/B/C antibody (W6/32) for A549 cells with PSME4 knockdown (shA223 and shA073) or control (shCtrl). The HLA
mean fluorescent intensity (MFI) is significantly higher in the PSME4 knockdown compared to the control (* P = 0.01, *** P = 0.0001).

To that end, we utilized Ex-Vivo Organoid Culture (EVOC; see materials and methods) which contains both tumor
tissue and infiltrating lymphocytes (Fig 4A). We assessed the expression of PSME4 and PSMB10 from the frozen
tissues prior to ICI treatment of lung tumor organoids. Following this, the same samples were treated with either
Durvalumab alone (aPD-L1), or combined with Ipilimumab (aCTLA-4) and CD8" T cell infiltrates and PDL1 levels
were assessed (Fig. S16A to B). In cases where IFNy was significantly enriched by at least 1.9-fold induction the
EVOCs were designated as “responders” to ICl while the rest were termed “non-responders”. We found that the
EVOCs that responded to the therapy had significantly lower PSME4/PSMB10 expression ratios (Fig. 4B), while
neither PSME4 nor PSMB10 alone were sufficient to predict responsiveness (Fig. S16C to D). When examining
the tissue- specific expression of PSME4 and PSMB10 we observe that both are expressed in the epithelial tissue,
while PSMB10 was more highly expressed in the lymphocyte infiltrates consistent with the tissue expression
patterns of the immunoproteasome (Fig. 4C and S17). Importantly, this relationship between expression of PSME4
and the immunoproteasome, varies greatly in different cancer types (Fig. 4D), suggesting that PSME4 expression
may be an important factor in ICI therapy, beyond NSCLC.

Finally, to determine the effect of PSME4 on tumor infiltration in vivo, we utilized the KP1.9 cells (KrasG12D;
P53-/- murine lung adenocarcinoma cells) in an orthotopic mouse model. We established isogenic cell lines of the
KP1.9 either with ectopic expression or virally-induced knockdown of PSME4 (KP1.9”ME4KD) to examine PSME4-
depdent effects on tumor growth. Mice bearing KP1.9 tumors overexpressing PSME4 (KP1.97SME4 O8) showed
marked reduction in weight within 33 days from tumor cell injection, as compared to the KP1.9 tumors (Fig. 4E
and S18). Further, lungs of KP1.9PSME4 OF mijce were significantly larger, containing numerous lesions and
metastases (Fig. 4F to H) whereas the KP1.97SME4KD Jungs did not show any detected lesions (Fig. 41 and S19). As
these effects were not driven by a change in proliferation rate (Fig. S20A), we sought to examine whether they may
be mediated by anti-tumor immunity. We analyzed tumor infiltration in the KP1.9”ME4OF tumor versus the KP1.9
counterparts as there were no tumors in the KP1.9”SME4KD Qur analysis revealed an increase in PD1+ CD8" T cells
(Fig. 4J and S20B) and a decrease in IFNy in the tumor infiltrating lymphocytes (TILs) in KP1.9PSME4 OE yymor-
bearing mice (Fig. 4K to L), suggesting decreased tumor inflammation. Furthermore, we observed a decrease in
naive CD8" T cells (CD62L+, CD44-) and an increase in CD62L-, CD44" cells, which reflect an early activator
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Fig 4. PSME4 abrogates anti-tumor immunity reflecting immunotherapy efficacy. (A) Workflow of the Ex-Vivo Organoid Culture
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ratio of the mean of the immunoproteasome (iProt) subunits PSMB8-10 and PSME1-2. (E) Weights of mice bearing KP1.9 wild type
(KP1.9), PSME4 overexpressing (KP1.97SME4 08y or PSME4 KD (KP1.9PSME4KD) grthotopic tumors injected to C57/B6 mice (n = 7-8 per
group). Weights are normalized to the starting weight of each mouse. Overexpression shows significantly decreased weight as a proxy
for increased disease severity (matched 2-way ANOVA *p = 0.0322). (F - H) Mice bearing PSME4 overexpressing (OE) tumors showed
significantly increased lung weight (**P = 0.0020) and larger tumors (F) with visibly increased growth and tumor burden (G-H) compared
to the control KP1.9 tumors. (1) H&E and immunofiuorescence staining of lungs from mice bearing KP1.9, KP1.9PSME4OE 'gr KP1.9PSME4
KD tumors. Tumors are stained with the antibodies indicated. (J) The percent of PD1 positive CD8 T cells in the lungs of the mice bearing
KP1.9PSME4 OE tymors was significantly increased compared to KP1.9 tumors (*P = 0.0440) (K-L) A histogram of IFNy stained CD8 T
cells (K) shows the median fluorescent intensity (MFI) of in the lungs of the mice bearing KP1.9PSM&4 OF tymors was significantly
decreased compared to KP1.9 (L; *P = 0.0017). (M-N) The percent of CD8 Tumor infiltrating lymphocytes (TILs) which are CD62L
and/or CD44 positive in the lungs of mice bearing KP1.9PSME4OE ' Kp1 gPSME4KD gr KP1.9 tumors compared to mice not bearing tumors
(non-inj; M). Significant decreases in the naive T cell population was observed in the TILs from the KP1.9PSME4 OF tymors (**P<0.01,
****P<0,0001; N). (O) The ratio of CD8 T cells to Tregs was significantly decreased in the spleens of mice bearing KP1.9PSM&4OE tymors
compared to KP1.9 (****P <0.0001). (P) Splenic lymphocytes from mice bearing KP1.9, KP1.9PSME4 OE gr Kp1 9PSME4KD tyymors were
co-cultured with KP1.9 cells. There was a significant increase in killing of KP1.9 cells co-cultured with splenic lymphocytes from
KP1.9PSME4 0E hearing mice compared to KP1.9 (****P <0.0001). Further, killing was reduced in the mice bearing KP1.9PSME4 OE (#xxp
=0.002063)

phenotype (Fig. 4M to N and S21). Coupled with a decrease in CD8" T cell/Treg ratio in the KP1.9PSME49E tymors
(Fig 40), our results suggest that elevated levels of PSME in the tumor cells induce immune suppression and
reduced cytotoxicity. Furthermore, in immunofluorescence staining of the lungs we could see that CD8+ T cells
were excluded from the KP1.9”SME4 OF tymors compared to the level of infiltration in KP1.9 tumors (Fig 41 bottom
panels). Finally, we found that primed splenic lymphocytes exposed to the KP1.9”ME49E tymors exhibited reduced
tumor killing propensity (Fig. 4P and S22) as observed by reduced cell number. By contrast, we could show that
priming of splenic lymphocytes with KP1.97ME4 KD tymors improved T-cell mediated cytotoxicity. In fact,
KP1.9”SME4KD_derjved splenic lymphocytes exhibited better killing than their KP1.9 control lymphocytes, indicating
that the anti-tumor activity we observed was indeed dependent on loss of PSMEA4.

Discussion

In the present study, we characterized the degradation landscape in NSCLC. We utilized proteasome footprinting
(46, 47) to reveal distinct degradation signatures that were shared among patients and were associated with the
cancerous tissue. Notably, 10% of our degradation targets were not detected by whole cell proteomics of the same
samples, suggesting that these targets may be synthesized and then rapidly degraded by proteasomes. Such ‘shared
targets” may serve as putative antigens, which may be further examined for their potential in anti-cancer vaccines
(61-64). Beyond specific degradation targets, our analysis revealed that the cancerous lung tissue had increased
proteasomal activity as well as altered proteasome composition, when compared to adjacent controls. We found
PSME4, a proteasome subunit that was previously shown to play a role in targeting acetylated histones to
degradation in the context of spermatogenesis and DNA damage response (33, 34, 36, 38, 39), to be significantly

upregulated in NSCLC and to be associated with poor survival. As PSME4 expression is correlated with smoking,
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we speculate that it may be upregulated to offer a protective mechanism to cope with the associated proteotoxic
stress and DNA damage (51, 65-67). While label-free quantitative MS analysis of cell lines suggested that <5% of
20S proteasomes bear PSME4 regulators (41, 43), our results suggest that in NSCLC this frequency is increased to
have a dominant effect on the degradation landscape. Nevertheless, this effect may be tumor-type specific as certain
types of cancer such as LUAD, SCAD, and COAD are associated with increased levels of PSME4, while others

like GBM and melanoma, were not.

Extending our analysis to determine the functional consequences of PSME4 upregulation we could show, for the
first time, that it binds the immunoproteasome to generate a PA28-20S-PSME4 hybrids, which may serve an anti-
inflammatory role. While PSME4 alters the conformation of constitutive 20S proteasomes (45), which we and
others have found to amplify the B1 caspase-like activity (36), we see that the counterpart f1i activity is decreased
upon PSME4 binding. This, in turn, attenuates immunoproteasome-associated activity. Notably, our data also
suggest that PSME4 restricts proteasome activity, thereby altering the HLA landscape. It will be interesting to
examine how these alterations in the presented repertoire of MHC | antigens relate to the immune suppression
observed in PSME4-high tumors. As increased presentation of nuclear antigens was shown to reduce tumor
immunogenicity (49), this may be another mechanism by which PSME4 modulates tumor-immune interactions.
Notwithstanding the importance of antigenic peptides, we show that the altered proteasome composition in NSCLC
plays detrimental role in reshaping the tumor environment by restricting immunoproteasome activity and
attenuating IFN signaling. Interestingly, as PSME4 does not have a known ubiquitin recognition domain like the

19S regulatory complex, it remains to be studied if the effect we see is ubiquitin-dependent.

As immunoproteasome deficiency has been reported in NSCLC (13, 14), it will be intriguing to determine whether
PSME4 may be a contributing factor. Notably, immunoproteasome deficiency was reported to be involved in EMT
in lung cancer (13). Our study further suggests that the antagonistic interaction of PSME4 and the
immunoproteasome is associated with pro-oncogenic and EMT pathways. Just like immunoproteasome expression
has been recently shown to correlate with tumor infiltration and with the response to immune-checkpoint blockade
therapy (10, 13, 15), our data suggest that the expression of PSME4 may designate ‘cold tumors’, driving tumor
progression and limiting the response to immune therapy. It will be important to examine the effect PSME4 may
have on different phenotypes of cancer cells and on the immune system and its interactions with tumor cells, in
different cancer types. Finally, our findings highlight the degradation landscape and the interplay between different
regulatory and catalytic subunits as an understudied factor in cancer proteostasis (8, 10, 13-16). The antagonistic
interactions between PSME4 and PSME1/2 we have revealed offers novel insights into proteasomal regulation in
cancer. Better understanding of how the degradation landscape may be controlled to drive response to therapy and

anti-tumor immunity should pave way for novel treatment options for cancer patients.
Materials and Methods
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Purification of proteasome complexes.

Tumors were mechanically disrupted and passed through a 70 um cell strainer 93070 (SPL). Cells were lysed
with 25 mM HEPES, pH 7.4, 10% glycerol, 5 mM MgCl2, 1 mM ATP, and 1:400 protease-inhibitor mixture
(Calbiochem), then homogenized through freeze—thaw cycles and passed through a needle. The lysates were
cleared by 30-min centrifugation at 21,130g at 4 °C. Lysates were treated with 2 mM 1,10-phenanthroline
(Sigma), cross-linked with 0.5 mM DSP (Thermo Fisher Scientific) for 30 min at room temperature, and
quenched in 100 mM Tris-HCI, pH 8, 5 mM L-cysteine for 10 min at room temperature. For
immunoprecipitation, the lysates were then incubated with Protein G—-Sepharose beads (Santa Cruz) with
antibodies to PSMAL1 and eluted with 100 mM Tris-HCI, pH 8, 8M urea and 50 mM DTT for 30 min at 37 °C.
Subsequently, 1% trifluoroacetic acid (TFA) was added. Aliquots of each elution fraction were analyzed by SDS—

PAGE to evaluate yield and purity.
Purification and concentration of proteasome peptides.

A critical step in our procedure is the separation of peptides from the proteins eluted in the proteasomal pulldown.
MAPP analyzes endogenously cleaved peptides, whereas the proteasome complex and associated proteins are
physically excluded. Immunoprecipitated proteasomes and their encompassed peptides were loaded on tC18
cartridges (Waters) that were prewashed with 80% acetonitrile (ACN) in 0.1% TFA, then washed with 0.1% TFA
only. After loading, the cartridges were washed with 0.1% TFA. Peptides were eluted with 30% ACN in 0.1%
TFA. Protein fractions were eluted with 80% ACN in 0.1% TFA. Mass Spectrometry

Mass spectrometry sample processing and analysis

Protein fraction after proteasome purification; Samples were loaded onto 3 kDa molecular weight cut-off spin
columns. Volume was reduced to 25uL by centrifugation at 14,000g for 10min. 175uL 8M urea was added and
centrifuged at 14,0009 for 10min. Filters were reversed and centrifuged to extract the proteins. Proteins were
reduced with 5 mM dithiothreitol (Sigma) for 1hr at room temperature, and alkylated with 10 mM iodoacetamide
(Sigma) in the dark for 45 min at room temperature. Samples were diluted to 2M urea with 50mM ammonium
bicarbonate. Proteins were then subjected to digestion with trypsin (Promega; Madison, WI, USA) overnight at
37°C at 50:1 protein:trypsin ratio, followed by a second trypsin digestion for 4 hr. The digestions were stopped by
addition of trifluroacetic acid (1% final concentration). Following digestion, peptides were desalted using Oasis
HLB, pElution format (Waters, Milford, MA, USA). The samples were vacuum dried and stored in -80°C until

further analysis.

Total proteomics; Lysates in 5% SDS in 50 mM Tris-HCI were incubated at 96 °C for 5 min, followed by six

cycles of 30 s of sonication (Bioruptor Pico, Diagenode, USA). Proteins were reduced with 5 mM dithiothreitol
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and alkylated with 10 mM iodoacetamide in the dark. Each sample was loaded onto S-Trap microcolumns
(Protifi, USA) according to the manufacturer’s instructions. In brief, after loading, samples were washed with
90:10% methanol/50 mM ammonium bicarbonate. Samples were then digested with trypsin for 1.5 h at 47 °C.
The digested peptides were eluted using 50 mM ammonium bicarbonate; trypsin was added to this fraction and
incubated overnight at 37 °C. Two more elutions were made using 0.2% formic acid and 0.2% formic acid in 50%
acetonitrile. The three elutions were pooled together and vacuum-centrifuged to dry. Samples were kept at —80 °C

until analysis.
HLA immunopeptidomics was performed as described previously (16, 68).
Liquid chromatography mass spectrometry

Peptide fraction; ULC/MS grade solvents were used for all chromatographic steps. Each sample was loaded using
split-less nano-Ultra Performance Liquid Chromatography (10 kpsi nanoAcquity; Waters, Milford, MA, USA).
The mobile phase was: A) H20 + 0.1% formic acid and B) acetonitrile + 0.1% formic acid. Desalting of the
samples was performed online using a reversed-phase Symmetry C18 trapping column (180 pm internal diameter,
20 mm length, 5 um particle size; Waters). The peptides were then separated using a T3 HSS nano-column (75
pum internal diameter, 250 mm length, 1.8 um particle size; Waters) at 0.35 pL/min. Peptides were eluted from the
column into the mass spectrometer using the following gradient: 4% to 35%B in 120 min, 35% to 90%B in 5 min,

maintained at 90% for 5 min and then back to initial conditions.

The nanoUPLC was coupled online through a hanoEST emitter (10 um tip; New Objective; Woburn, MA, USA)
to a quadrupole orbitrap mass spectrometer (Q Exactive Plus, Thermo Scientific) using a Flexlon nanospray

apparatus (Proxeon).

Data was acquired in data dependent acquisition (DDA) mode, using a Top10 method. MS1 resolution was set to
70,000 (at 400m/z), mass range of 375-1650m/z, AGC of 3e6 and maximum injection time was set to 100msec.
MS2 resolution was set to 17,500, quadrupole isolation 1.7m/z, AGC of 1e5, dynamic exclusion of 40sec and

maximum injection time of 150msec.
Mass spectrometry data analysis.

Raw data were analyzed in MaxQuant software (version 1.6.0.16) with the default parameters for the analysis of
the proteasomal peptides, except for the following: unspecific enzyme, LFQ minimum ratio count of 1, minimum
peptide length for unspecific search of 6, maximum peptide length for unspecific search of 40, and match between
runs enabled. A stringent false discovery rate (FDR) of 1% was applied for peptide identification (in accordance

with the FDR reported in a previous peptidomics study). For the analysis of tryptic digests, the default parameters
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were set, apart from a minimum peptide length of 6. Masses were searched against the human proteome database
from UniprotKB (last update September 2018).

Proteomics processing and label-free quantification.

Peptides resulting from MaxQuant were initially filtered to remove reverse sequences and known MS
contaminants. For MAPP peptide fraction we removed antibody and proteasome peptides as contaminants. To
decrease ambiguity, we allowed peptides that had at least two valid LFQ intensities out of sample replicates, and
we included razor peptides, which belong to a unique MaxQuant 'protein group'. MAPP protein intensities were
inferred with MaxQuant. For graphical representation, intensities were log transformed, and in Python v3.6, zero
intensity was imputed to a random value chosen from a normal distribution of 0.3 s.d. and downshifted 1.8 s.d.
For clinical cohorts, zero intensity was imputed to half the minimum. In cases of matched samples ratios were
calculated per pair and paired t tests were used. Otherwise, ratios were calculated based on the median of each
group and a non-paired student t test was used. The protein fraction of the MAPP analysis was normalized to the
mean of the core proteasome subunits (PSMA1-7 and PSMB1-4) to control for efficiency. For the
immunopeptidomics, values from a peptide that was not detected in a treatment pair were not included in the
analysis. The binding of peptides was predicted by netMHC based on A549 haplotypes as described
previously(56). Any peptide with a binding rank greater than 5 was considered as a contaminant for analysis of
the differentially presented peptides.

TCGA and CPTAC analysis.

The cancer genome atlas (TCGA) data was mined using the xenaPython package in Python 3.6. The results shown
in this analysis are in whole or part based upon data generated by the TCGA Research

Network: http://cancergenome.nih.gov/. The full lung carcinoma cohort (both lung adenocarcinoma [LUAD] and

lung squamous cell carcinoma [LUSC] designations, n = 1129) or the LUAD cohort alone (n = 576) as indicated.
For the cross-cancer proteasome ratio the GDC pan cancer dataset was used. Only types with 10 or more normal
controls were used. Ratios presented are the difference between the means of the normal and tumor groups. Data
used in this publication were generated by the Clinical Proteomic Tumor Analysis Consortium (NCI/NIH). The
CPTAC LUAD cohort (n = 213) was used. In cases where ratios between the adjacent and tumor samples are
presented only those samples with matching controls are used. Otherwise all the tumor and normal (adjacent
control) samples were utilized. The DNA repair signature was taken from CancerSEA and the T cell

inflammation signature was based on Spranger et al. (69, 70).

Statistical analysis and data visualization.
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Statistical analyses were performed in R v 3.6.2 and GraphPad Prism v 7.04. In R data was visualized using the
complexheatmap (71) and ggplot (72) packages. Defaults were used unless otherwise noted. Protein annotation
and gene ontology analysis were performed with the gene-set enrichment analysis and protein subcellular
localization was extracted from the Human protein atlas (73-75) with “uncertain” or “approved” localization

reliabilities excluded.
Antibodies and plasmids
Rabbit anti PSME4 HPA060922 1:1000 WB, 1:300 IF (Sigma)

Rabbit anti PSMD11 ab99414 1:1000 WB, Mouse anti proteasome 20s PSMA1-7 subunits ab22674 1:1000 WB,
Rabbit anti PSMB10/MECL1 ab183506 1:1000 WB, Mouse anti § Actin ab170325 1:5000 WB (Abcam), Rabbit
anti PA28alpha/PSME1 9643 1:1000whb, Rabbit anti PSMB8/LMP7 13635 1:1000 WB (Cell Signaling)

Mouse anti alpha-6, produced from hybridoma was a kind gift from Keiji Tanaka. IgG1k isotype antibody
(BioLegend, BLG-400139) was used as a control of MAPP method.

Goat anti Mouse 488 A11029 1:400, Goat anti mouse 647 A31571 1:400 (Invitrogen), Goat anti Rabbit 647
AB150075 1:400 (Abcam), Goat anti mouse HRP 115-035-205 1:5000, Goat anti Rabbit HRP 111-035-003
1:5000 (Jackson labs).

MISSION shRNA targeting mouse or human PSME4 or RFP were obtained from Sigma (TRCN0000176569,
TRCNO0000178428, TRCN0000158223, TRCN0000157072)

pcDNA3.1_PSME4(68) was transfected into A549/KP1.9 cells with Lipofectamine 2000 (Thermo Fisher).
Cell culture and drug treatments

Ab549 were originally obtained from ATCC grown in DMEM and used as model systems for cell biology studies
including western blot, biochemistry, and imaging. KP1.9, kindly provided by Alfred Zippelius, were grown in
Iscove’s MDM. Cells were routinely tested for mycolplasma contamination. Media were supplemented with 10%
fetal bovine serum, 1% Penicillin/streptomycin and L-glutamine (2mmol/l) (Biological industries), unless
otherwise indicated, at 37 °C with 5% CO2.

For TNF-o/IFN-y activation cells were allowed to seed overnight, and subsequently treated with TNF-a
(PeproTech, 300-01A) and IFN-y (PeproTech, 300-02) at 20 ng/ml and 10 ng/ml, respectively, for 24h.

Cell death assessment was done by trypan blue staining and counted with Countess II™ automated cell counter
(Thermo Fisher) and by Cell titerGlo assay (Promega). Proliferation of mammalian cells was measured by KIT8

assay (Sigma).
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Concentrations of cell treatments: 100 pg/ml cycloheximide (CHX; Sigma) for 2 h. Epoxomicin was used at a

concentration of 1 pM for 4 h
Proteasome cleavage reporter assay

Cells were lysed with 25 mM HEPES, pH 7.4, 10% glycerol, 5 mM MgCI2, 1 mM ATP, and 1:400 protease-
inhibitor mixture (Calbiochem), then homogenized through freeze—thaw cycles and passed through a needle. The
lysates were cleared by 30-min centrifugation at 21,130g at 4 °C to remove cell debris. Protein concentration of
the supernatant was determined by a NanoDrop spectrophotometer (Thermo Fisher Scientific) by measuring the
absorbance at 280 nm.

Proteasomal activity in cell fractions was determined by cleavage of the fluorogenic precursor substrate Suc-Leu-
Leu-Val-Tyr-AMC (Suc-LLVY-AMC), Ac-Pro-Ala-Leu-AMC (Ac-PAL-AMC), Z-Leu-Leu-Glu-AMC (Z-LLE-
AMC), Ac-Arg-Leu-Arg-AMC (Ac-RLR-AMC), Ac-Ala-Asn-Trp-AMC (Ac-ANW-AMC) (Boston Biochem), Z-
Leu-Leu-Glu-BNA (Z-LLE- BNA), Ac-Nle-Pro-Nle-Asp-AMC (Ac-nLPnLD-AMC) (Bachem). 10 uM substrate
was added to 10 ug total protein/well, and incubated in a reaction buffer (50 mM Hepes, pH 7.5, 1 mM DTT, 5
mM MgCI2 and 2 Mm ATP). Fluorescent increase resulting from degradation of peptide-AMC at 37°C was
monitored over time by means of a fluorometer (Synergy H1 Hybrid Multi-Mode Microplate Reader, BioTek) at
340 nm excitation and at 460 nm emission, using the proteasome inhibitor, MG132 (Calbiochem) as background.
Resulting product curves were followed for up to 3.5 hours. Each value of fluorescence intensity represents a

mean value obtained from three independent experiments.
Immuno-blotting

Cells were lysed in STET buffer (50 mM Tris-HCI, pH 87.5, 150 mM NaCl, 2 Mm EDTA 1% Triton-X and1:400
protease-inhibitor mixture (Calbiochem)). Protein concentration was assessed using BC Assay Protein
Quantitation Kit (Interchim). 20 pg of total protein was separated by SDS—PAGE on 4-20% gradient ExpressPlus
PAGE M42015 (GenScript) and transferred onto PVDF membranes using iBlot™ 2 Gel Transfer Device (Thermo
Fisher Scientific). The membranes were blocked in 5% milk prepared in TBS-0.1% Tween and incubated in
primary antibodies overnight at 4°C followed by washing and incubation with secondary antibody. Blots were
developed using the ChemiDoc XRS+ Imaging System (Bio-Rad) and band intensities were quantified with

imageJ analyzer software.
Immuno-precipitation

Cells lysed in 25 mM HEPES, pH 7.4, 10% glycerol, 5 mM MgCI2, 1 mM ATP, and 1:400 protease-inhibitor
mixture (Calbiochem), then homogenized through freeze—thaw cycles and passed through a needle. The lysates

were cleared by 30-min centrifugation at 21,1309 at 4 °C to remove cell debris. Pre-cleared cell lysates were
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prepared by incubating with Protein A/G conjugated agarose beads for 30 min at 4°C with slow rotation. 1 mg

Pre-cleared cell lysates were then added to 20 uL of fresh Protein A/G conjugated agarose beads along with 4 ug
of antibodies (as described). The mixture was incubated cver-night at 4°C with slow rotation followed by three 1
ml washes with chilled PBS buffer. The target conjugates were then eluted from beads by mixing protein loading

dye (with reducing agents) and heating for 5 min at 95°C followed by denaturing Western blot.
Gel Filtration

Gel filtration experiments were performed using Superose® 6 Increase 10/300 GL size exclusion column (GE
Healthcare) AKTA prime automated liquid chromatography system (Amersham Biosciences). The running buffer
used was 25 mM HEPES, pH 7.4, 10% glycerol, 5 mM MgCI2 and 1 mM ATP. The column was calibrated using
gel filtration molecular weight standard (Bio-Rad). The following standards were used for calibration:
Thyroglobulin (670 kDa, Rs=8.6 nm), y-globulin (158 kDa, Rs=5.1 nm), Ovalbumin (44 kDa, Rs=2.8 nm),
Myoglobin (17 kDa, Rs=1.9 nm), Vitamin B12 (1.35 kDa), and Dextran blue (2 MDa).

A 0.1 ml protein sample at a final concentration of 0.4 mg/ml was filtered and chromatographically analyzed
using a flow rate of 0.5 ml/min. Absorbance was monitored at 280 nm, elution volumes were determined from
UV chromatogram. The partition coefficient, Kav, was calculated from the elution volume of the sample, Ve, and
total bed volume, Vt, using the expression: Kav = (Ve —V0)/(Vt — V0). Calibration curves and equations were
established.

Surface HLA staining; FACS

A549 and KP1.9 cells were treated with hTNFo/hIFNy (as described above) or mTNFo/mIFN v, respectively, for
24 hr. Cells were fixed and stained with Live/Dead Aqua staining kit from BioLegend as per manufacturer’s
protocol. Approximately 1x106 cells were washed, blocked with 2% FCS for 5 min and stained with anti-HLA-
A/B/C-PE (A549) or anti-MHCI-Kb-PE/MHCI-Db-FITC (KP1.9) in 100ul for 30 min. Cells were washed and

acquired.
Tissues fixation, processing and embedding

Tissues were fixed in 4% paraformaldehyde for one week. Dehydration of the tissue was done by serial
immersion in increasing concentrations of alcohol (70 to 100%) and removal of the dehydrant with Xylene. The
tissue was embedded in paraffin, sectioned at 4 um and mounted on microscope slides. The slides were placed in

an oven for one hour at 600C or overnight at 370C before immunohistochemically staining.

Immunohistochemistry (IHC) and Immunofluoresence staining
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H&E stains were performed on an automated device according to manufacturer's instructions. IHC stains were
performed on a Benchmark XT staining module (Ventana Medical Systems Inc.; USA) using iVIEW DAB
Detection Kit (760-091, Ventana Medical Systems Inc.) or Ultra VIEW Universal DAB Detection Kit (760-500,
Ventana Medical Systems Inc.; USA). Antibody details are described above. Following immunostaining, sections
were counterstained with hematoxylin (Ventana Medical Systems Inc.), rinsed in distilled water and dehydrated
manually in graded ethanols. Finally the sections were cleared in xylene and mounted with Entellan (Surgipath

Medical Industries Inc) on glass slides.

The immunofluorescent staining was performed at Molecular Cytology Core Facility of MSKCC using Discovery
XT processor (Ventana Medical Systems). Sections were stained with antibodies for CD31 (endothelial cell
marker), CD3 (T cells), CD8(T cells) and FoxP3 (Tregs).

Scanning of slides was done by PANNORAMIC SCAN Il (3DHISTECH).
IHC staining PA200/PSME4

Paraffin embedded mouse and human tissues were cut in 3 pm thick sections using the Hyrax M55 microtome
(Zeiss). Tissue sections were incubated for one hour at 60 °C in order to melt paraffin, deparaffinized by
incubating two times in xylene for 5 min and rehydrated in a descending alcohol series (100 %, 90 %, 80 % and
70 % (v/v)) for 1 min. To block endogenous protease activity and to permeabilize sections for nuclear staining
they were incubated in a methanol/hydrogen peroxide (80 %/1.8 % (v/v)) solution for 20 min. Tissue sections
were rinsed in Milli-Q® water and heat-induced antigen retrieval was performed in citrate buffer pH 6 using a
decloaking chamber (Biocare Medical). After washing with TBST unspecific binding sites were blocked for 30
min with Rodent Block M (Biocare Medical). The slides were washed again in TBST and incubated with anti-
PSME4 antibody (sc-135512, Santa Cruz) diluted in Antibody Diluent (DAKO) for 1 h at RT. After extensive
washing in TBST sections were incubated with MACH 2 Rabbit AP-Polymer (Biocare Medical) for 30 min at
RT. Sections were rinsed again in TBST and incubated in Vulcan Fast Red AP substrate solution (Biocare
Medical) for 10 min. Tissue sections were washed in TBST and MilliQ® water and hematoxylin counterstaining
(Carl Roth) was performed to visualize nuclei. After repeated washing in TBST, sections were dehydrated in
ethanol and xylene and mounted using Entellan mounting medium (Merck Millipore). Slides were imaged using

the MIRAX scanning system (Zeiss).

Stainings were analyzed by an expert clinical pathologist blinded to the sample identity. Semiquantitative scores
for PSME4 expression were obtained by defining the percentage of PSME4 positively stained tumor areas
multiplied by the intensity of staining as graded between 1 (weak) to 3 (strong). Scores were dichotomized into
high (>80) and low (<80) expressing tumors with the score 80 representing the median of all samples and PSME4

expression scores were correlated with survival of the patients for this cohort.
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g-PCR analysis

RNA was extracted using Direct-zol™ RNA MiniPrep R2051 (ZYMO research) mRNA levels were ascertained
by RT using High-Capacity cDNA Reverse Transcription Kit (ThermoFisher) real time quantitative PCR using
sybr-green (Kapa Biosystems) and the StepOnePlus™ Real-Time PCR Systems (Life Technologies) using the

following primers:

Primers for real time PCR
mPSME4 F  GCGTTGGCTGAACAAGTTAATG
mPSME4 R CTCAGGTCTCATAAGTGCAAGG
hPSME4 F  ATTTGGAGTTACCCTGGAGACC
hPSME4 R GCAGCTTTTCACGAGTGTTTTG
hPSMB10 F TCCTTCGAGAACTGCCAAAGA
hPSMB10 R ATCGTTAGTGGCTCGCGTATC
hPSME1 F  CCAGTGCCTGATCCAGTCAAG
hPSME1 R  ACCACGATCTTTTCATTGCAGT
hPSME2 F  GCAAGAGGACTCCCTCAATGT
hPSME2 R CTTCTGGCTTAACCAGGGCA
hTNFa F CCACGTCGTAGCAAACCACC
hTNFa R TTGAGATCCATGCCGTTGGC
hISG15 F  GAG AGG CAG CGA ACT CATCT
hISG15 R CTT CAGCTC TGA CAC CGACA
F
R
F
R
F
R
F
R
F
R
F
R

hIFIT GATCAGCCATATTTCATTTTGAATC
hIFIT GAAAATTCTCTTCAGCTTTTCTGTG
hIL6 TTCTCCACAAGCGCCTTCGGTC
hIL6 TCTGTGTGGGGCGGCTACATCT
hA20 GCGTTCAGGACACAGACTTG

hA20 TTCATCATTCCAGTTCCGAGTATC
hRPS18 ATTAAGGGTGTGGGCCGAAG
hRPS18 TGGCTAGGACCTGGCTGTAT
hGAPDH CAACGGATTTGGTCGTATTG
hGAPDH GATGACAAGCTTCCCGTTCT
MGAPDH AAGGTCATCCCAGAGCTGAA
MGAPDH CTGCTTCACCACCTTCTTGA

All values were normalized to the mRNA abundance of house kipping genes (RPS18 or GAPDH in Human;
GAPDH in Mouse). Each primers pair was calibrated using the Absolute Quantification program with increasing

concentrations of cDNA.
EVOC preparation

As previously described in (76)
Orthotopic lung cancer model
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Mouse experiments were conducted according to approved experimental procedures (Approval numbers
04400520-2). Male C57BI/6 mice (Envigo, Israel) at the age of 8-10 weeks were injected i.v. with 2x10"5 cells in
200 puL PBS (Biological Industries, Israel). Mice were observed for adverse effects and weights noted twice a
week. Peripheral blood was collected from the tail vein. At the end of experiment, mice were sacrificed by CO2

asphyxiation and tissues collected to cold PBS.
Tissue processing and flow cytometry staining

Peripheral blood was washed and red blood cells removed by ACK lysis buffer (150 mM NH4CI, 10 mM
KHCO3, 0.1 mM EDTA in 0.1x PBS-/-) and washed in flow cytometry buffer (PBS-/-, 0.5% BSA, 2mM EDTA).

Spleens and lungs were weighted before further processing. The left lung lobe was used for histological analysis
of tumor development (hematoxylin and eosin) after fixation in 4% formaldehyde (Biolabs, Israel). Right lung
lobes were minced and digested with 5 mL digestion buffer: Collagenase 4 (200U/mL, Worthington
Biochemicals), DNase I (100 ug/mL, Sigma Aldrich) in PBS++ supplemented with 2 mM CaCl2 for 20 minutes at
37°C under shaking. Single cell suspensions of spleen and lungs were obtained by straining cells through 100 um
strainers and washed in cold flow cytometry buffer. Red blood cells were removed by ACK lysis buffer, washed
with flow cytometry buffer and strained again.

For intracellular cytokine and transcription factor stainings, cells were incubated for 4 hours with Brefeldin A
(Biolegend) and Monensin (Sigma Aldrich). First, viability staining was done with Live/Deal Aqua staining kit
(Thermo Fisher Scientific) or Zombie Aqua (Biolegend) according to the protocols. Cell surface staining was
performed in flow cytometry buffer in 100 uL at appropriate dilutions (see Supp Table XXX for antibody list).
When needed, cells were fixed and permeabilized with the FoxP3 transcription factor kit from eBioscience
(Thermo Fisher Scientific) and stained for FoxP3 and IFNg according to the manufacturers protocol. Samples
were acquired on an Attune Nxt with Autosampler and analyzed in FlowJo (V10.6.2, Becton, Dickinson and

Company). Exemplary gating strategies are provided in Supp Fig. S21.

Cytotoxicity assay

10,000 KP1.9 WT cells were stained with CFSE (5uM; BioLegend), at a cell concentration of 1x106/ml), plated
onto a 96-well plate and allowed to attach overnight. The following day, splenocytes were isolated from naive
mice, or from mice bearing KP1.9-WT, -PSME4 KD, or -PSME4 OE tumors. Red blood cells were lysed using
ACK buffer, cells were washed in PBS, and 100,000 splenocytes were plated on top of the tumor cells in RPMI
medium + beta-mercaptoethanol (50uM). Co-culture was maintained for 7 days. On day 7, cell supernatants were

collected onto a new 96-well plate, and the attached tumor cells were detached with Trypsin containing Propidium
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lodide (PI). After cell detachment, the supernatant was used to resuspend the detached cells, and the entire sample

was acquired.
Statistics and reproducibility

All experiments were performed in three individual replicates unless otherwise mentioned. For each experiment,
all compared conditions were analyzed by MS at the same time. For the NSCLC study, eight samples from
healthy individuals and eight samples from patients with SLE were analyzed. The samples were processed
independently and analyzed by MS at the same time to maintain comparability across samples and decrease batch

effects.
Ethics Statement

Human lung tissue obtained from patients surgically treated for lung cancer was provided by the Asklepios
Biobank for Lung Disease, Gauting, Germany or obtained from the Israel National Biobank for Research
(MIDGAM). Samples were obtained under the approval of the Ministry of Health (MOH) IRB approval for the
Israel National Biobank for Research (MIDGAM), protocol no. 118-2018 or the ethics committee of the Ludwig-
Maximilians University Munich according to national and international guidelines (project number 333-10).

For the ex-vivo organoid cultures, all patients provided written informed consent for the use of blood samples and

tumor specimens for research. This study was approved by the Sheba Medical Center ethics committee
Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE
(77) partner repository with the dataset identifier PXD019573. (Username: reviewer02593@ebi.ac.uk, Password:
rgPQNazs).
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