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Immunotherapy revolutionized treatment optionsin cancer, yet the
mechanisms underlying resistance in many patients remain poorly
understood. Cellular proteasomes have beenimplicated in modulating
antitumor immunity by regulating antigen processing, antigen
presentation, inflammatory signaling and immune cell activation.
However, whether and how proteasome complex heterogeneity may

affect tumor progression and the response to immunotherapy has not
been systematically examined. Here, we show that proteasome complex
composition varies substantially across cancers and impacts tumor-
immune interactions and the tumor microenvironment. Through profiling
of the degradation landscape of patient-derived non-small-cell lung
carcinomasamples, we find that the proteasome regulator PSME4 is
upregulated in tumors, alters proteasome activity, attenuates presented
antigenic diversity and associates with lack of response to immunotherapy.
Collectively, our approach affords a paradigm by which proteasome
composition heterogeneity and function should be examined across cancer
types and targeted in the context of precision oncology.

Immune checkpoint inhibition (ICI) has revolutionized treatment
options for patients with cancer, yet response rates vary between
10% and 50% in most types of solid tumors'. Additionally, many of
the factors driving resistance to ICI have not yet been identified.
Among other causes, the ubiquitin-proteasome system has been
suggested to contribute to numerous aspects of antitumor immu-
nity, such as activation of inflammation, antigen processing and
presentation,and T cell differentiation®*. Most of these are attributed

to changes in the catalytic activity of the constitutive proteasome
and immunoproteasome, which are induced by inflammatory signals*~’.
Indeed, the immunoproteasome is suggested to enhance antigen
presentation through altered peptide cleavage, which is responsible
for generating more hydrophobic peptides that are thought to be
preferential for binding the transporter associated with antigen
processing (TAP) and for MHC class I presentation>®’, Further, immuno-
proteasome upregulation has beenrecently associated with response
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to ICI'°"2, Yet, systematic examination of whether and how protea-
some degradation in general, and proteasome complex heterogene-
ity in particular, are involved in resistance to therapy remains poorly
understood.

Beyond the canonical classification of immunoproteasome and
constitutive proteasome based on their catalytic cores, which cata-
lyze protein cleavage into peptides, different regulatory subunits
shape proteasomal functions. The 19S regulatory complex has been
shownto be pivotal for binding of ubiquitinated species and substrate
unfolding, while the other regulatory subunits are suggested to have
morespecialized roles, including mediating inflammatory responses,
histone degradation and the response to DNA damage*>"™¢. The dif-
ferent 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, which may, in turn, alter protein cleavage'’*. For
example, it was previously shown that different regulatory subunits
ofthe proteasome serve as ‘gate openers’ to increase flux through the
proteasome’.

Various studies described correlations between proteasome
regulators and cancer phenotypes. Subunits of the 19S were sug-
gested to induce altered cell states, and selective inhibition of the
19S or catalytic subunits induced the accumulation of proteins
involved in degradation machineries and conferred resistance to
proteasome inhibitors'. While this may be easy to perceive, as the
19Sincludes the ubiquitin receptors, several other examples describe
the preferential degradation of specific substrates by PSME1-4
for which no substrate selection mechanisms are known>$2%%,
Thus, despite seminal studies that investigated proteasome
cleavage in purified systems”?**, we still lack a fundamental
understanding of how different proteasome regulators may affect
peptide cleavage by the catalytic subunits and, in turn, shape
the endogenous cellular proteome. Mostly, this is due to the varying
systems and use of model substrates for investigation. For example,
there are conflicting reports on whether the PSME1-2 regulator binds
more strongly to the immunoproteasome or positively affects anti-
gen presentation®?. Therefore, better understanding of protea-
some complex heterogeneity, and its influence on the degradation
landscape in different cancer types and within and between patients,
is of clinical importance, bearing great potential to offer means
to target, selectively, specific cancer vulnerabilities and to sensitize
theresponse toICI.

Here, by systematic examination of proteasome complex hetero-
geneity and response to ICl across hundreds of patients with bladder,
lung, melanoma and renal cancers, we found that proteasome com-
positionis highly variable across cancers and between patients. Using
our recently established approach for proteasome profiling?*, we
mapped the degradation landscapes in clinical samples of resected
lung tumors. We discovered adistinct signature of proteasome degra-
dation that was associated with non-small-cell lung carcinoma (NSCLC).
Notably, we found an upregulation of PSME4 in lung tumors, which
was associated with resistance to ICItherapy, thereby defininga ‘cold’
tumor. Biochemical, immunological and cellular characterizations
of the functional consequences of PSME4 upregulation reveal that it
directly attenuatesimmunoproteasome activity, leading to restriction
of the antigenic diversity and, in turn, prohibits antitumor immunity
invivo. Collectively, our findings uncover the degradation landscape of
NSCLC and elucidate a causal role of tumor-intrinsic PSME4 in shaping
the tumor microenvironment, underscoring amechanism ofimmune
evasion. Beyond insight into mechanisms of proteasome-mediated
tumor immunogenicity, our work introduces a paradigm by which
proteasome complex composition, beyond the constitutive and immu-
noproteasome catalytic subunits, should be examined in the context
of precision oncology and the response to immunotherapy in NSCLC
and other cancer types.

Results
Proteasome complex heterogeneity associates with response
toimmunotherapy
Recently, increased immunoproteasome expression in cancer was
suggested to promote response to ICI'°"2, However, systematic exami-
nation of proteasome complex compositions, including different com-
binations of both catalytic and regulatory subunits, and their influence
on tumor immunogenicity and response to ICI was not examined to
date. To address this question, we examined the expression of pro-
teasome subunits (Fig. 1a) across a pan-cancer cohort assembled
from RNA sequencing (RNA-seq) information in The Cancer Genome
Atlas Genomic Data Commons Pan-Cancer (TCGA-GDC PANCAN, 32
cancer types, n =9,724 patients) and various patientimmunotherapy
response datasets***'. We first examined the distribution of expres-
sion of the different proteasome subunits across 32 different cancer
types from TCGA data (Fig. 1b and Extended Data Fig. 1a). Notably, the
regulatory caps PSME3 and PSME4 were among the subunits with the
most variable expression across cancers. Next, we stratified patients
across cancer types based on their proteasome composition, including
both catalytic cores and regulatory subunits (Fig. 1c, top and bottom,
respectively). Interestingly, the expression of different catalytic cores
did not define the expression of the regulatory subunits. For example,
inuveal melanomacancers (UVM; n = 80), we find about 50% of tumors
areenriched with constitutive proteasome and 50% are enriched with
immunoproteasome. However, these same tumors predominantly
express PSME3 or PSME4 and not the PSME1/2 regulatory subunits.
On the other hand, other cancer types that exhibit a similar level
of immunoproteasome expression such as lung adenocarcinoma
(LUAD; n=524) and skin cutaneous melanoma (SKCM; n =103) exhibit
completely different frequencies of regulatory subunits expression
(for example, mixed populations versus PSME3-enriched).
Asimmunoproteasome expressionwas previously associated with
response toIClin melanoma, we hypothesized that the regulators of the
proteasome may also be associated with the response to ICI. To assess
this, we calculated the effect size of the association with ICI response
across the cohorts (bladder, melanoma, kidney and lung cancer from
refs. 30,31) for each proteasome core subunit, catalytic subunit and
regulatory cap (Fig.1d). To control for the potential bias of data pooling,
we combined the individual effect sizes of eachbiomarkerineach cohort
(Extended Data Fig. 1b)*. As previously reported, the immunoprotea-
some (specifically the subunit PSMB10) was associated withresponse to
ICIbuttoalesser extent thantumor mutational burden (TMB), whichwas
previously shown tobe one of the strongest classifiers of responsiveness
to ICI*°. Surprisingly, among all of the proteasome subunits examined
across different cancer types, the proteasome regulator PSME4 was the
only subunit that was significantly associated with lack of response to
ICI(PSME4, P=0.0015; TMB, P=0.0154).Importantly, arole for PSME4
intumors hasnot beenshown todate. Further, we found that PSME4 did
not strongly correlate with other biomarkers from the cohort and that
ithad asignificant contribution to ageneral linear regression model of
responsiveness even when the other significant biomarkers, such as
TMB, wereincluded (Extended DataFig.1c). Notably, when we stratified
patientswho had been treated with ICI, based solely on their regulatory
subunit expression, we found that patients who have tumors enriched
with PSME4 feature significantly reduced survival compared with the
other groups, particularly compared with tumors enriched with PSME1/2
regulatory subunits (Fig. 1e). This was in stark contrast to the results
obtained by examining survival across the patients who were mostly
not treated with immunotherapy (TCGA cohort, n=9,724 patients),
where we did not detect any difference in survival between the PSME4
and PSME1/2 groups (Extended Data Fig. 2a-d). Indeed, PSME4 levels
were significantly higherin the tumors of patients who did not respond
totherapy,and,inagreement, the responserate to ICl was significantly
lower in patients with high levels of PSME4 (Fig. 1f,g). Together, these
data suggest that PSME4 may be involved in resistance to ICI therapy.
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Fig.1| Proteasome composition heterogeneity is afactor inimmunotherapy
response. a, Schematic representation of proteasome complexes including
the catalytic and regulatory subunits. b, The distribution of expression of each
proteasome subunit across the cancer cohorts. Subunits are sorted by variance
(n=9,724 tumors). c, Tumors were clustered by the expression of either the
catalytic (top) or regulatory subunits (bottom). The percentages of tumors
ineach cancer type that were assigned to each cluster are indicated (n = 9,724
tumors). Abbreviations for cancer types are according to TCGA. d, The effect
size (calculated as the log, odds ratio for response versus no response) and
significance of the proteasome subunit biomarkers and TMB in meta-analysis
across all cohorts incorporating the effect sizes and standard errors from
eachindividual cohort (n=331BLCA, 134 SKCM, 72KIRC, 27 LUAD tumors;
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e, Kaplan-Meier curve of patient survival stratified by the regulatory subunit
clusters defined in ¢ for the immunotherapy response cohorts (log-ranked
Pvalue =0.0018; n=331BLCA, 128 SKCM, 27 LUAD tumors). f, The expression
of PSME4 in the patients who responded to ICI (R) or did not respond (NR) from
each ofthe ICI cohorts divided by cancer type (n =331 BLCA, 134 SKCM, 72 KIRC,
27 LUAD tumors) or shown combined (Wilcoxon rank-sum test Pvalue =5 x107%).
Box plots span the first to third quartiles and whiskers show 1.5 x interquartile
range. g, Patients were stratified by PSME4 expression in the ICl cohorts

and the response rates for the PSME4-low and PSME4-high groups are shown
(¥*P=6x10"%; number of tumors as inf). BLCA, bladder urothelial carcinoma;
KIRC, kidney renal clear cell carcinoma.

PSME4 isincreased in NSCLC, corresponding to a cold tumor
signature

Next, we sought to determine which cancer types, among those being
treated with ICI, may be most likely impacted by increased levels of
PSME4. Based on our analysis across the TCGA cohorts, we found that
lung cancers had highly increased expression of PSME4 compared with
adjacent or normaltissue (Fig. 2a). Usingimmunohistochemistry (IHC)
staining of sections from human lung adenocarcinoma tumors, we
confirmed that PSME4 is significantly increasedin protein abundancein
the tumor tissue (Fig. 2b) and thatitis predominantly expressed in the
nucleus of the cancer cells (Fig. 2b and Extended DataFig. 2e,f;n = 8). We
further corroborated that PSME4 is significantly upregulated in NSCLC

tumors compared with the adjacent lungtissue by westernblot analyses
in two independent cohorts (Fig. 2c,d) and the Clinical Proteomic
Tumor Analysis Consortium® (CPTAC) data (n =110 samples; Fig. 2e)
(Fig.2c-eand Extended DataFig. 2g,h). To ascertainachange in protea-
some composition one needs to confirm binding to the proteasome
complex as increased expression alone does not necessarily signify
achange in proteasome complex assembly. We therefore examined
whether PSME4 isindeed bound to cellular proteasomesin the cancer-
ous tissues. To that end, we immunoprecipitated proteasomes from
the tumor and adjacent tissue using an xPSMA1 antibody, which recog-
nizes all proteasome subspecies. We found that among the regulatory
subunits, PSME4 and PSME3 are significantly more incorporated into
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Fig.2|PSME4 isincreased in lung adenocarcinoma and defines areduced

T cell signature. a, The ratio between tumor and adjacent expression for the
indicated subunitsin theindicated cancer type. Circle size indicates significance
based on Wilcoxon rank-sum test (Pvalues in the Source data) and color indicates
the difference between mean expression in the tumor and adjacent tissue
(n=9,724 tumors). Abbreviations for cancer types are according to TCGA. b, IHC
staining of PSME4 in the tumor and adjacent tissues. Blue color is negative stain
and PSME4 is brown. Staining depicts PSME4 upregulation in the tumor tissue
andits nuclear localization (scale bars, 200 pmin the upper panels and 50 pmin
the lower panels, representative of n = 9 patients). ¢,d, Tumor (T) and adjacent
(A) tissues from an Israeli (c) or German (d) cohort were immunoblotted for
PSME4. 3-Actin was used as aloading control (experiment was repeated twice

with similar results). e, Abundance of PSME4 in tumor and adjacent tissues from
the CTPAC-LUAD proteomics cohort (Wilcoxon rank-sum test P <2 x107%; n =102
adjacent, 111 tumors). Box plots span the first to third quartiles and whiskers
show 1.5 x interquartile range. f, The ratio between subunit abundance in the
proteasomes immunoprecipitated from tumor and adjacent tissues per patient
(n=8tumors, 8adjacent). Colors and diagrams indicate the identities of the
proteasome subunits. Box plots span the first to third quartiles and whiskers
show 1.5 x interquartile range. g,h, The CPTAC-LUAD cohort (n = 111 tumors) was
stratified by regulatory subunit expression (g) and a T cell signature is shown for
the tumor samplesin each of the four clusters (h; Kruskal-Wallis P= 0.00041).
Box plots span the first to third quartiles and whiskers show 1.5 x interquartile
range.

proteasome complexesin the tumor tissue compared with the adjacent
controls (Fig. 2f). While PSME4 isincreased in NSCLC tumors, we did not
detectany strong associations with LUAD grade, stage, site, driver muta-
tion (for example, KRAS, EGFR) or clinical patient parameters either
in the CPTAC proteomics cohort (n=110; Extended Data Fig. 3a-d)
or from histochemistry staining (n = 50; Extended Data Fig. 3e-i).

To examine the pathways that may be affected by the levels of
PSME4, we stratified tumors in the CPTAC-LUAD proteomics cohort™
(n=110) by abundance of the different regulatory subunits (Fig. 2g). We
foundthat T cell-related pathways are the most enriched in PSME4-low
tumors using multiple different annotation sets (Extended Data
Fig. 4a-c). Furthermore, we found that a ‘T cell signature’ defined
by: GZMA, GZMB, PRF1, CXCL9, CXCL10, CD8A and CD4 is strongly
reduced in the PSME4-enriched tumors compared with the other
regulatory caps (Fig. 2h). Taken together, these results suggest
that the observed upregulation of PSME4 in NSCLC may be associated
with altered T cell-mediated antitumor immunity.

PSME4 modulates proteasome activity and alters the NSCLC
degradome

AsPSME4 was predominantly expressed in the cancer tissue and not the
infiltrates (Fig. 2b), we set to examine whether it affects the transcrip-
tional program and tumor inflammation in NSCLC. Notably, when we
examined the effect of depleting PSME4 in A549 cells, we found only

amildimpact on gene expression by RNA-seq. None of the genes with
altered expression had known associations with tumor-immuneinter-
actions (Extended Data Fig. 4d-g), suggesting that the effect exerted
by PSME4 on the response to ICImay be mediated through a posttran-
scriptional mechanism and directly by altering proteasome activity. We
therefore sought to determine whether PSME4 alters proteasome func-
tionor degradation. To that end, we utilized our proteasome profiling
approach, MAPP (mass spectrometry analysis of proteolytic pep-
tides®®*’), to analyze the ‘active degradome’ in NSCLC. Tissue samples
and adjacent tissue controls (as determined by a pathologist) from
the same lungs were processed in parallel (n = 8 per group). We then
isolated proteasomes from tumor samples and analyzed the nascent
peptides that were either ‘trapped’ inside or closely associated with the
proteasomesto detect patterns of degradationinsingle-peptide reso-
lution (Fig. 3a). Indeed, proteomic analysis of both protein abundance
and degradation revealed that different tumors had shared patterns
of degradation that were distinguished from those of the adjacent
controls (Extended Data Fig. 5a-f). When comparing the substrates
that are degraded in the cancer tissue, we found an increase in the
degradation of nuclear proteins (Extended Data Fig. 5g-i), consistent
with the increased levels of PSME4 in the nucleus that were observed
above (Fig.2b). We next examined whether PSME4 is found only in the
nucleus of cells. By fractionating the cell, we found that the abundance
of PSME4 is higher in the nucleus (Extended Data Fig. 6a,b). However, we
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thenimmunoprecipitated the intact proteasome complexes using an
oPSMAL1 antibody to capture all proteasome species. We found that the
levels of PSME4 incorporated into nuclear and cytosolic proteasomes
were not significantly different, although slightly higher inthe nucleus
(Extended Data Fig. 6¢-e). This suggests that while there is a strong
increaseinthe abundance of PSME4 in the nucleus, thereis notastriking
difference in PSME4-capped complexes compared with the cytosol.
Since MAPP identified the endogenously cleaved peptides as they
were degraded by the proteasome, we next wished to examine the
cleavage patterns across identified peptides in the cancerous tissue
and the controls. We found that the carboxy-terminal residue of the
degraded peptides differed significantly between the tumor and adja-
centsamples (Fig.3b). While PSME4 does not possess intrinsic catalytic
activity, it hasbeen previously shown to alter cleavage specificity of the
constitutive proteasome by inducing a conformational shift">'*'s, We
therefore assessed whether PSME4 level was associated with the shift
incleavage signaturein the patient-derived tumor samples. Indeed, the
abundance of PSME4 was positively correlated with the caspase- and
chymotryptic-like cleavage activities of the proteasome and negatively
correlated with tryptic-like cleavage (Fig. 3c,d and Extended Data
Fig. 6f). These correlations could not be explained by ageneral shift in
the amino acid composition across the degraded substrates (Fig. 3e),
suggesting that proteasome cleavage itself was altered.
Proteolyticactivities of the constitutive proteasome and immuno-
proteasome are different*””. We therefore examined whether the
change in activity was due to PSME4 modulating just the constitu-
tive proteasome, as previously reported, or also the activity of the
immunoproteasome. By biochemical examination, we found that
PSME4 bound both constitutive proteasome and immunoproteasome
ina human lung cancer cell line (Fig. 3f and Extended Data Fig. 6g-k),
suggesting that PSME4 can independently affect their activity. We
then assessed the effect of supplementing recombinant PSME4 on
proteasome activity in a cell-free system™® using model substrates for
defined catalyticactivities (Extended Data Fig. 7a-c). In this controlled
system, the only change is the supplementation of PSME4, allowing us
todecouplethedirect effect on proteasome function fromother indi-
rect effects (for example, transcriptional) which have been previously
described for PSME4 (refs.13,16).In accordance with the correlation of
specificactivities that were observed in the clinical samples above, we
found that the caspase-like (1) activity of the constitutive proteasome
increased (Fig. 3g and Extended Data Fig. 7d), whereas the tryptic-like
(B2) activity decreased, upon PSME4 supplementation (Fig. 3h and
Extended Data Fig. 7e). By contrast, when examining the effect of
PSME4 onimmunoproteasome-associated activities, we found thatall

were inhibited (B1i, B2i and 5i) (Fig. 3i,j and Extended Data Fig. 7f-h).
To reverse inhibition of immunoproteasome-associated activity, we
depleted PSME4 (knock-down (KD) by shRNA) from A549 cells which
bothreduced the caspase-like (1) activity of the constitutive protea-
some (Fig.3k) and increased the chymotryptic-like activity of theimmu-
noproteasome (B1i; Fig. 31). Thus, PSME4, which enhances caspase-like
activity thatis associated only with the constitutive proteasome, isalso
attenuating the cleavage activities of theimmunoproteasome. Notably,
toour knowledge, to date thereis no other description of a proteasome
subunit that elicits asymmetric and opposing effects on the balance of
immunoproteasome and constitutive proteasome activities.

PSME4 reduces the antigenic diversity of MHC I-presented
peptides

As proteasomes are components of the antigen processing machinery’
and many of the peptides presented on MHC I are proteasome-derived,
we hypothesized that the changes induced by PSME4 on proteasome
activity may also alter antigen processing and presentation. We first
examined the total surface levels of human leukocyte antigen (HLA),
finding thatdepleting PSME4 increases surface HLA, while overexpres-
sion (OE) of PSME4 reduces it beyond the levels of A549 with scram-
bled control (Fig. 4a and Supplementary Fig.1a). Next, we used acid to
strip the cell surface of HLA molecules. We found that cells depleted
of PSME4 recover surface HLA faster than controls, while cells with
overexpression of PSME4 have delayed recovery (Extended Data Fig. 7i,j
and Supplementary Fig.1b). To examine whether this is due to a defect
inHLA expression or loading, we examined both extracellular surface
HLA and intracellular immature HLA. While PSME4 overexpression
mildly reduces surface HLA within 6 h of recovery fromacid stripping,
intracellular HLA is higher, suggesting that there is an accumulation
of immature unloaded HLA molecules upon PSME4 overexpression
(Extended Data Fig. 7k,I and Supplementary Fig.1c). Whether the effect
we observe is solely due to change in antigenic peptide generated or
whether it may also be affected by the rate of maturation/loading of
HLA remains to be elucidated. However, based on the change in HLA
presentation, we hypothesized that the PSME4-driven restriction of
proteasome activity reduces the pool of peptidesthat can be presented.
Toaddressthis possibility, we performed HLAimmunopeptidomics of
A549 lung cancer cells with PSME4 knockdown (KD) by shRNA and con-
trols (treated with control shRNA (denoted Ctrl)) (Fig. 4b and Extended
DataFig.8a-c). Asexpected, we observed asignificantincreaseinthe
abundance of peptides presented on the cell surface upon PSME4 KD,
consistent with the increase in surface HLA molecules (Fig. 4c). This
is despite the fact that we did not detect any PSME4-driven shiftin

Fig.3|PSME4 restricts proteasome activity in lung adenocarcinoma.

a, Schematic representation of the workflow. Analysis of lung adenocarcinoma
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 = 8 tumor and 8 adjacent
sections). Bottom, exogenous PSME4 was used to interrogate the effect on
immunoproteasome and constitutive proteasome cleavage activity. b, MAPP-
identified peptides were divided based on their carboxy-terminal residue.

The percentage of peptides with each terminus was calculated for each sample
and normalized across patient samples. Amino acids are annotated with their
matching proteasome cleavage activity; rows are clustered using Pearson
distances. The bars represent the percentage change for each amino acid at the
carboxy terminus, comparing tumors (n = 8) and adjacent (n = 8) tissues. Box
plots span the first to third quartiles and whiskers show 1.5 x interquartile range.
c,d, The carboxy-terminal residue of peptides was used to classify peptides
based on the proteasome activity attributed to their cleavage. The abundance
of PSME4 in the samples based on whole cell proteomics correlated with the
caspase-like signature (c; Spearman p = 0.69) and was anticorrelated with the
tryptic-like signature (d; Spearman p = -0.46).In c-e, a value is shown for each
of n=8tumor and 8 adjacent samples. e, The average amino acid percentage
composition for all the peptides identified by MAPP in the tumor samples (y axis)

is plotted against the corresponding adjacent samples (x axis). f, Proteasome
complexes were immunoprecipitated (IP) with xPSME4 antibody from A549 cells
that were either treated with TNF-a and IFN-y or left untreated and blotted for the
indicated proteasome subunits. Experiments were repeated twice with similar
results. g-j, Proteasome activity assays using the nLPnLD-AMC (g), RLR-AMC

(h), PAL-AMC (i) or ANW-AMC (j) fluorogenic substrate to measure the activity

of indicated subunits. Relative fluorescence units (RFU) of the substrate are
shown across the 3.5 h of the experiment (left) or at the endpoint (right). A549
lysates were untreated (g), to measure the constitutive proteasome activity, or
treated with TNF-acand IFN-y (h-j), to measure the immunoproteasome activity.
Recombinant PSME4 was added to the lysate where indicated (red, two-sided
paired Student’s t-test; g: P= 0.0034, h: P< 0.0001, i: P= 0.0003, j: P= 0.0004;
box plotsindicate median and quartiles, bars from min to max, n =4 independent
samples). kI, Lysates were collected from PSME4-depleted A549 (KD) or control
(Ctrl). Proteasome activity assays were performed using the nLPnLD-AMC (k)
inunstimulated lysates or PAL-AMC (I) in lysates treated with TNF-aand IFN-y.
RFU of the substrate is shown across the 3.5 h of the experiment (left) or at the
endpoint (right; two-sided paired Student’s ¢-test; *P < 0.05, ****P < 0.0001; box
plotsindicate median and quartiles, bars from min to max, n = 4 independent
samples). AA, amino acid; Ctrl, control. Figure 3a created with BioRender.com.
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general protein abundance in the proteome (Extended Data Fig. 8d).
Likewise, we did not observe that the increase in peptides is due to
increased binding to any specific HLA haplotype (Extended Data
Fig. 8e). Next, we examined the termini of the presented peptides as
proteasome cleavage is thought toimpact the carboxy termini whereas
aminopeptidases (for example, ERAP1) are thought to cleave the
N terminus. Therefore, we divided the peptides based on whether
they had a caspase-, tryptic- or chymotryptic-like carboxy terminus.
We observed that the chymotryptic- and tryptic-like peptides were

increased upon PSME4 depletion, consistent with the effect we
detected on proteasome activity (Fig. 4d). Furthermore, we found
that peptides ending with the caspase-like glutamic acid (E) were
significantly reduced by the depletion of PSME4, while peptides
with the tryptic-like lysine (K) were the most significantly increased
(Fig. 4e,fand Extended Data Fig. 8f).

Previous studies® have shown that peptides with caspase-like
termini do not bind as well as peptides with tryptic- or chymotryptic-
like termini to HLA molecules. In the immunopeptidome analysis,
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Fig.4 | PSME4 restrictsimmunopeptidome diversity thereby reducing
antigen presentation. a, Median fluorescence intensity (MFI) from flow
cytometry analysis of HLA 1 expression using the W6/32 antibody on A549 cells
with PSME4 KD and control (top; Welch’s corrected two-sided ¢-test *P = 0.047,
***P=0.0007) or PSME4 OE and control (bottom; **Welch'’s corrected
two-sided ¢-test P < 0.001). Box plots span the first to third quartiles and
whiskers show 1.5 x interquartile range, n = 3independent samples. b, Immuno-
peptidomics workflow. ¢, Distribution of median peptide abundance of the
immunopeptidome (n =3 independent samples per condition) from the control
(Ctrl) and PSME4 KD conditions (Wilcoxon rank-sum test ***P < 2.2 x 107';
n=1,335peptides). Box plots span the first to third quartiles and whiskers show
1.5 xinterquartile range. d, Peptides were divided by their carboxy-terminal
motif and the abundance distributions of the caspase-, tryptic- and
chymotryptic-like peptidesin the PSME4 KD condition or shCtrl are shown

5 10 15

No. of unique AAs at carboxy
terminus

(Wilcoxon rank-sum test chymotryptic P<2.2 x 107, tryptic P=8.1x10™;
n=1,335 peptides). Box plots span the first to third quartiles and whiskers show
1.5 xinterquartile range. e, Peptides are grouped by their carboxy termini. For each
amino acid, the circle size indicates the significance of the fold change between
PSME4 KD and Ctrl compared with the background (Student’s ¢-test). The x-axis
score is the negative log,,-transformed Pvalue multiplied by the sign of the fold
change. f, Volcano plot of the peptides with the fold change and significance
between the PSME4 KD and Ctrl conditions. Peptides are colored by carboxy-
terminal motif. g, The percentage of each amino acid in the carboxy termini

ofthe peptides differentially presented on MHC molecules in the A549 cells
overexpressing PSME4 (OE) versus empty vector control (Ctrl). h, The cumulative
percentage of peptides explained by the number of different amino acids (from
1toall 20) at the carboxy termini (end position) in the control (Ctrl, gray) and
PSME4 OE (OE, red) immunopeptidomes. Figure 4b created with BioRender.com.

we also observed fewer caspase-like peptides compared with the
other types (Fig. 4f) and they had lower predicted binding to MHC
using the netMHC prediction software. We therefore hypothesized
that overexpressing PSME4 will further reduce the pool of antigens

that can be presented. We examined this by repeating the immuno-
peptidomics, with and without overexpressing PSME4, to mimic the
PSME4 upregulation observed in NSCLC (Extended Data Fig. 8g—j). Of
the peptidesidentified, 463 peptides (-10%) were significantly changed
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Fig. 5| PSME4 reduces CD8' T cell infiltration into tumors and promotes an
immunosuppressive environment. a, Schematic of orthotopic lung tumor
models by tail vein injection of KP1.9 cells or KP1.9"M&XP to C57/B6 mice. b, MFI
from flow cytometry analysis of MHC I expression using a Kb or Db antibody
on KPL.9 or KP1.9PSME4KD cells(n = 3 mice per group; bars indicate mean + s.d.;
two-sided Student’s ¢-test). ¢, Uniform manifold approximation and projection
(UMAP) visualization showing 35 cell populations across the three replicates

from mice bearing KP1.9 (Ctrl) or KPL.9"MEXP tumors. d, Bar graph showing total

number of cells per cell type identified across the three replicates from mice
bearing KP1.9 (Ctrl) or KP1.9"M¥XP tumors. e, Bar plot showing numbers of TCR
clones that were expanded (at least two cells sharing the same TCR clone) in

the different T cell populationsin a representative sample from mice injected
with KP1.9 or KP1.9"MEKD cells. f, Ratio of number of expanded (that is, having
nonunique TCR) T, cells to cytotoxic CD8 cellsin each sample (n=3KP1.9 and

3 KP1.9PSME4KD) Box plots span the first to third quartiles and whiskers show

1.5 xinterquartile range. g, Box plots showing pseudo-bulk tpm expression of
Ifi2712ain cycling cDCs, interstitial macrophages and T, cells in the lungs of mice
(n=3mice per group) injected with KP1.9 or KP1.9"ME4XP cels, Box plots span the
first to third quartiles and whiskers show 1.5 x interquartile range. h-k, Box plots
showing relative abundances of alveolar macrophages (h), cycling macrophages
(i), mature DCs enriched inimmune-regulatory molecules (mregDCs) (j) and
pDCs (k) in the lungs of mice injected with KPL.9 (n =3 mice) or KP1.9PSME+KD

cells (n=3 mice). Box plots span the first to third quartiles and whiskers show

1.5 x interquartile range. 1,m, Box plots showing pseudo-bulk tpm expression

of ll12ain pDCs (I) or /l6in mregDCs (m) in the lungs of mice injected with KP1.9
(n=3) or KPLY*ME+KD cells (n = 3 mice). Box plots span the first to third quartiles
and whiskers show 1.5 x interquartile range. cDC, classical dendritic cells;

NK, natural killer; tpm, transcripts per million.
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inabundance upon PSME4 overexpression compared with the controls
(Extended Data Fig. 8k). Further, we found a change in the carboxy
termini (Extended DataFig. 8l) of the presented peptides, specifically
observingareductionin positively charged residues (R and K), akin to
theirincreasein the PSME4-depleted setting. When examining the dis-
tribution of amino acids across the differentially presented peptides,
we found that the peptides presented in the PSME4-overexpresing
cells were less diverse than those in the control cells (Fig. 4g). Nota-
bly, only four residues in the overexpressing cells, compared with
nine residues in the controls, made up 80% of the carboxy termini of
the peptides associated with MHC binding, indicating that PSME4
overexpression substantially restricts the diversity of presented anti-
gens (Fig. 4h). Beyond the biochemical properties of the peptides, by
examination of the protein source of the presented peptides, we found
an enrichment of nuclear proteins in the immunopeptidome follow-
ing PSME4 overexpression (Extended Data Fig. 8m), concordant with
the observed increase in degradation of nuclear proteins mentioned
above (Extended Data Fig. 5h). Taken together, these data indicate
that PSME4 shifts the presented peptide repertoire, reducing the
diversity of the anchoring residues in the presented antigens, and that
its upregulation, in the context of lung cancer, may have deleterious
effects on antitumor immunity.

PSME4 abrogates antitumor immunity in NSCLC

As PSME4 was associated with areduced T cell signature (Fig. 2h) and
directly affected antigen presentation through modulating proteasome
activity, we hypothesized that it might affect the interaction between
tumor cells and cytotoxic T cells. To examine this, we utilized the KP1.9
cellsderived from aKras®?; Trp53” murine lung adenocarcinomainan
orthotopic murine model. We established KP1.9 isogenic cell lines with
PSME4 KD (KP1.9™MEXP: Fig, 5a and Extended Data Fig. 9a-f). Deple-
tion of PSME4 reduced its levels to be comparable to those of normal
lung epithelial cells (Extended Data Fig. 9b,c). As we observed that
PSME4 alters proteasome activity and reduces antigenic diversity, we
first examined the effect on antigen presentation in the mouse model.
Indeed, depletion of PSME4 increased the level of surface MHC I by
about50%in KP1.9 (Fig. 5b, Extended Data Fig. 9g and Supplementary
Fig.2). We hypothesized that this may drive changes in the interaction
between tumor and immune infiltrates. To address this question, we
analyzed the changes in the immune milieu by performing single-cell
RNA-seq (scRNA-seq) of CD45" cells 3 weeks after the injection of
parental KP1.9 or KP1.9"MEKP tymor cells (Fig. 5¢c,d and Supplementary
Fig.3). Thisallowed an examination of the effect of PSME4 on the early
immuneresponse to the tumor, while avoiding bias due to differencesin
tumor burden. The overall distribution of cell types was similar among
groups (Supplementary Figs. 4-12). To examine if there was a skew
towards particular cell fatesinthe T cell compartment, we characterized
the T cell populations and T cell receptors (TCRs). We reasoned that
TCR clones that were not unique were the result of expansion (Fig. 5e

and Supplementary Figs. 13 and 14). We found that cytotoxic T cell
and regulatory T cell (T,.,) populations had considerably expanded
such that there were more cytotoxic CDS T cells in the KP1.97SME4KD
milieuwhereas T, cells expanded in the KP1.9-bearing mice. Further,
adifferenceinthe T,,/CD8 T cell ratio between the two groups was
observed (Fig. 5fand Supplementary Figs.15and 16). Interestingly, we
noted anincrease ininflammatory responses through the expression
ofinterferon (IFN) response gene Ifi272a in several cell types, including
T, cells (Fig. 5g). The differencesin T cell populations were accompa-
nied by additional changes in other populations of theimmune milieu,
whichpromoted a pro-inflammatory environmentin PSME4-depleted
tumors. Specifically, the relative sizes of the alveolar and cycling mac-
rophage clusters as well as Ccr' regulatory dendritic cells (DCs), which
have been previously shown to play an immunosuppressive role in
NSCLC*?¢, were smaller in the lungs of mice bearing KP1.97ME4 KD
tumors than in the lungs of mice bearing KP1.9 tumors (Fig. 5h-j).
Further, we observed anincrease in plasmacytoid DCs (pDCs)* in the
mice bearing KP1.9"ME4XP tymors, which exhibited a pro-inflammatory
signature with the expression of //12a and an enrichment for pathways
related to antigen presentation and processing (Fig. 5k,I, Extended Data
Fig. 9h and Supplementary Fig. 17). This is in contrast to the mature
DCsenriched inimmune-regulatory molecules, whichare decreasedin
KP1.9"ME4KD and express higher levels of 16 (Fig. 5m and Extended Data
Fig.9i). Together, our results suggest that upregulation of PSME4 may
driveimmune evasion by reducing cytotoxic T cell activity and may play
anactive role in tumorigenesis by promoting animmune-suppressed
microenvironment.

PSME4-high NSCLC tumors escape immune-mediated killing

To assess the effects of PSME4 on tumor progression, we tracked
mice bearing KP1.9"M**P or parental KP1.9 tumors. As the lungs of
KP1.9"ME4KD.hearing mice did not have any detectible lesions even
7 weeks after injection, we included KP1.9 cells with overexpression
(KP1.97ME49F) a5 an additional comparison to unravel possible effects
of PSME4 on tumor-immune interactions. KP1.9"™M# % mice developed
a marked weight loss starting a month from tumor cell injection
(33 d), as compared with mice bearing KP1.9 tumors (Extended Data
Fig.10a). Lungs of mice bearing KP1.9"M& %t tumors were significantly
larger and contained numerous lesions, whereas lungs of mice bear-
ing KP1.9"M&XP did not show any detectable lesions (Fig. 6a,b and
Extended Data Fig. 10b). These effects were not driven by a change
inthe proliferation rate of tumor cells (Extended Data Fig. 10c,d). To
determine whether the effect on tumor progression (Extended Data
Fig.10e,f) was immune-mediated, we assessed the tumor infiltrating
lymphocytesinlungs of tumor-bearing mice 7 weeks after tumor injec-
tion (Fig. 6¢c and Extended Data Fig.10g—j). We found that KP1.9"SME4©E
tumors exhibited adecreaseinthe CD8" T cell/T,, cell ratio (Fig. 6¢,d),
coupled with a significant increase in exhausted PD1* CD8" T cells
(Fig. 6e and Supplementary Fig. 18) and a decrease in IFN-y in tumor

Fig. 6| PSME4 abrogates antitumor immunity. a, The lung weights of mice
bearing parental (n =7), PSME4-overexpressing (KP1.9"E 0, n = 7) or PSME4-
depleted (KP1.9PME4KD; p = 8) tumors (two-sided Student’s ¢-test **P = 0.0020;
barsindicate mean +s.d.). b, Photograph of representative lungs from mice
notinjected with tumor cells (Non-inj) 41 d after the injection of parental,
KP1.9PSME4OE o KP1.9PSME4KD ce|s, ¢, Hematoxylin and eosin staining of lungs
from mice bearing KP1.9, KP1.9PME40F or KP1.9ME4KP tymors (top) and immuno-
fluorescence staining of the tumor sections with indicated antibodies (bottom).
d, The ratio of CD8 T cells to T, cells in the spleens of mice bearing KP1.9"SM40F
(n=7)orKP1.9 tumors (n = 6; two-sided Student’s ¢-test ****P < 0.0001; bars
indicate mean +s.d.). e, The percentage of PD1-positive CD8 T cells in the lungs
of the mice bearing KP1.9"ME (= 5) or KP1.9 tumors (n = 6; two-sided
Student’s t-test *P = 0.0440; bars indicate mean * s.d.). f, A histogram of
IFN-y-stained CD8 T cells of mice bearing KP1.9 (gray) or KP1.9PSME40E (red)
tumors. g, The MFI of IFN-y-stained CD8 T cells in the lungs of mice bearing

KP1.9"SME+CE (5 = 5) or KP1.9 tumors (n = 6; two-sided Student’s ¢-test **P= 0.0017;
barsindicate mean *s.d.). h, The percentages of different subsets of CD8-
positive lymphocytes (naive, early activated, effector memory (EM) or central
memory (CM)) from a mouse bearing KP1.9 or KP1.9"V¥E tumor. i, The
percentage of naive CD8-positive lymphoytes, which are CD62L postitive and
CD44 negative, in the lungs of mice bearing KP1.97M°E (n = 5) or KP1.9 tumors
(n=6;two-way analysis of variance (ANOVA) with post hoc Tukey **P = 0.004;
barsindicate mean +s.d.).j,k, KP1.9 cells were cocultured with splenic
lymphocytes from mice bearing KP1.9 (n = 7), KP1L.9"MHOF (n = 7) or KP1.9PSME4KD
(n=8) tumors and the tumor cell death was assessed (j). k, The percentage

of tumor cells from each coculture thatis dead (two-sided Student’s ¢-test
P < (0.0001, **P=0.0021; bars indicate mean + s.d.). |, m, Kaplan-Meier
curves of survival of mice bearing KP1.9 or KP1.9"M¥KP tuymorsina C57BI/6)

(I) orimmune-deficient Ragl-/- (m) background. Figure 6j created with
BioRender.com.
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infiltrating lymphocytes in KP1.9"M#%F tumor-bearing mice (Fig. 6f,g),
suggesting decreased tumor inflammation in these mice. Further-
more, we observed a decrease in naive CD8" T cells as observed by

CD62L*, CD44" (Fig. 6h,i and Extended Data Fig. 10k), suggesting
that mice bearing KP1.97M °E tumors exhibit reduced inflamma-
tion and T cell activation. These data suggest that an increase of
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lung tissue there is ahomeostatic balance between the various proteasome
complexes. In the case of NSCLC, however, there is a disruption of homeostasis,
thereby altering tumor proteostasis. We find that cold NSCLC tumors,
characterized by low inflammation and reduced lymphocyte infiltration, have
higher expression of PSME4. This PSME4 upregulation leads to altered protein
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Antitumor immunity
Responsive to immunotherapy
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degradation, thereby reducing presentation of peptides on MHC I. By contrast,
hot tumors are enriched inimmunoproteasomes and depleted of PSME4-
capped proteasomes. This in turn drives increased antigenic diversity for MHC1
presentation and enhanced T cell-mediated antitumor immunity. Created with
BioRender.com.

PSME4 levels in the tumor promotes an immunosuppressed tumor
microenvironment.

Finally, to show a causallink betweenintratumoral levels of PSME4
andT cell-mediated killing, we tested the ability of splenic lymphocytes
isolated from tumor-bearing mice to kill tumor cells (Fig. 6j). Impor-
tantly, the only perturbation in this in vivo system was the altered
PSME4 level in the injected tumor cells. We found that splenic lym-
phocytes from mice bearing KP1.9"M %t tumors exhibited reduced
propensity to kill KP1.9 cells (Fig. 6k). By contrast, splenic lymphocytes
from mice bearing KP1.9"™MP tumors demonstrated enhanced kill-
ing compared with cells obtained from mice bearing KP1.9 tumors
(Fig. 6k). Theseresults indicate that the antitumor activity we observed
indeed depended on loss of PSME4 in the KP1.9 tumor cells. This is
notable because the KP1.9 tumor line has been shown to be highly non-
immunogenic, yet with the depletion of PSME4 we were able to promote
high levels of tumor killing. To further confirm that the PSME4-induced
effect on tumor growth was mediated through adaptive immunity, we
conducted survival experiments using RAG1-deficient mice, which lack
anadaptiveimmune arm. In this model, no differences were observed
inweightloss or survival in PSME4-deficient or PSME4-overexpressing
tumors (Fig. 61,m and Extended Data Fig. 10l), further corroborating
that the PSME4-driven changes in tumor progression were mediated
by aninvivo adaptiveimmune response.

Discussion

In this work, we highlight intrapatient heterogeneity in proteasome
regulatory function as animportant factor governing tumor immuno-
genicity and response to immunotherapy. We further exemplify that
altered proteasome composition and function causally shape tumor-
host interactions by demonstrating in NSCLC that PSME4-capped
proteasomes play an anti-inflammatory role in cancer by attenuating

immunoproteasome activity. The altered proteasome activity leads, in
turn, to reduced antigenicity by restricting immunopeptidome diver-
sity and altering surface HLA presentation (Fig. 7). This then abrogates
antitumor immunity inmurine models, which can be restored by deplet-
ing PSME4 in aKP1.9 lung adenocarcinoma model.

Our results feature several important implications. First, while
label-free quantitative mass spectrometry (LFQ-MS) analysis of cell
lines suggested that <5% of 20S proteasomes bear PSME4 regulators'”*$,
our results suggest that this frequency is increased in many cancer
types. AsPSME4 is associated with histone organizationand DNA dam-
age sensing and repair®*~*, and NSCLC has been shown to be sensitive
to proteotoxic stress*’, we speculate that PSME4 may be upregulated
to offer a protective mechanism. Further, as PSME4 is known to play a
nuclear role and was suggested to modulate transcription®, it will be
intriguing to comprehensively examine the potential effectits upregu-
lation has on the transcriptional landscape. Although our analysis did
not reveal global transcriptional changes inimmune-related genes, it
may be cancer- or condition-specific. Nevertheless, the dominant effect
PSME4 has on the degradation landscape, and the altered catalytic
activity of theimmunoproteasome in cell-free systems, strongly sug-
gest that PSME4 exerts its effect by directly modulating proteasome
activity, posttranslationally.

Second, we found PSME4 to be a regulator that differentially
modulates the activities of the constitutive proteasome and immu-
noproteasome. PSME4 has been shown to alter the conformation of
constitutive 20S proteasomes'®, which we and others have found to
increase the Bl caspase-like activity", although other reports show an
increase of tryptic activity'®. These discrepancies may stem from dif-
ferences driven by yet unidentified cofactors which may differentially
modulate the effect of PSME4 on proteasome activity. Interestingly,
however, we show that PSME4 binds to the immunoproteasome and
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attenuates allimmunoproteasome-associated activities. Infact, PSME4
exerts opposite effects onthe constitutive proteasome 1andimmuno-
proteasome fliactivities. We also observed that some of the PSMB10
protein bound to PSME4 isin the un-matured form. Intriguingly, bim10
inyeast, the homolog of PSME4, promotes proteasome maturation by
preferentially binding the mature 20S (refs. 44,45). It remains to be seen
whether and how PSME4 may be involved in promoting maturation of
different proteasome species.

Third, we demonstrate that the PSME4-restricted proteasome
activity also reduces the diversity of the MHC I-presented antigen
landscape. PSME4 also drove increased degradation and presenta-
tion of nuclear antigens which have previously been shown to reduce
tumor immunogenicity*®. The increase in nuclear antigens might be
another mechanismby which PSME4 modulates tumor-immune inter-
actions. While the altered proteasome composition in NSCLC plays a
detrimental rolein reshaping the tumor microenvironment, as PSME4
does not have a known ubiquitin recognition domain similar to the
19S regulatory complex, it remains to be studied if the effect we see is
ubiquitin-dependent orindependent”. Indeed, previous studies pro-
vided mixed evidence as to which fractions of the peptides presented
onMHC I are ubiquitin-dependent or even proteasome-restricted*s™,
Assuch, PSME4 and other regulatory subunits of the proteasome (for
example, PSME1-3) may represent an additional ubiquitin-independent
route of degradation that modulates the presented peptidome.
Furthermore, numerous studies have shown that there is no direct
linear relationship between the abundance of proteinsin the proteome
and their degradation and subsequent presentation. For example,
defective ribosomal products (DRiPs) were shown to be preferentially
presented in many conditions®* and peptides derived from theimmuno-
proteasome were shown to be favorable for presentation®®*%, Another
example, presented in this study, is the enrichment of peptides from
nuclear-associated proteins, which we hypothesize is the outcome
of the upregulation of PSME4 which is known to be more abundant
in the nucleus. Thus, proteasome complex heterogeneity may influ-
ence substrate degradationin different conditionsand, in turn, shape
the immunopeptidome landscape via the MHC | pathway. Further
study is necessary to decipher the roles different components of the
proteasome network may have in the processing and presentation of
antigens and also as determinants of antigen selection®®”, especially
inatemporal and condition-specific manner.

Finally, our data suggest that PSME4 expression designates ‘cold
tumors’ and limits response to immunotherapy. Importantly, PSME4
isone of the few markers of resistance to ICl, unlike other markers that
indicate responsiveness, such as the immunoproteasome'*"*, TMB,
infiltrate signatures and others. It is notable that we find that PSME4
plays a specific role in NSCLC, as previous studies have found NSCLC
to be immunoproteasome-deficient™*?, and it will be intriguing to
determine whether these two hallmarks are connected. Due to the
nonimmunogenic nature of the KP1.9 model, and the strong effect
that depleting PSME4 has on tumor progression alone, further work
will be required to define the potential of targeting PSME4, either by
reducing its levels or by prohibiting its binding to proteasomes, for
sensitization toimmunotherapy. Additionally, the different responses
of different NSCLC models and the wide range of potential therapies
will have to be calibrated in preclinical studies. Because PSME4 and the
immunoproteasome levels are tumor-type-specific, such approaches
are expected to differ between cancer types. However, even with the
heterogeneity of ICI responses in patients, we saw a strong relationship
between PSME4 levels and ICI response across multiple cancer types.
Collectively, our findings highlight a potential therapeutic targeting
of PSME4 or its binding to proteasomes as an approach in treat-
ing NSCLC and in sensitizing response to ICI through combination
therapy®. Further, it underscores the relevance and importance of
considering the heterogeneity of the proteasome complex and its
regulatory subunits in the context of precision immuno-oncology.

Methods

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 degradome
analysis, nine samples from tumors and adjacent tissue were analyzed,
and one was excluded for poor technical quality. The samples were pro-
cessedindependently and analyzed by MS at the same time to maintain
comparability across samples and decrease batch effects. When rep-
resentative images are shown, at least two independent experiments
were performed with similar results. No statistical methods were used
to predetermine sample sizes, but these were similar to previously
published work with similar systems®*. Data distribution was assumed
to be normal, but this was not formally tested. No data were excluded
from the analyses; the experiments were not randomized; and the
investigators were not blinded to allocation during experiments and
outcome assessment.

Purification of proteasome complexes

Lung adenocarcinoma tumors and adjacent tissues were mechani-
cally disrupted and passed through a 70-um cell strainer 93070 (SPL).
Cells were lysed with25 mM HEPES, pH 7.4,10% glycerol, 5 mM MgCl,,
1 mM ATP and 1:400 protease-inhibitor mixture (Calbiochem), then
homogenized through freeze-thaw cycles and passed through a
needle. Thelysates were cleared by 30 min of centrifugationat21,130g
at4 °C. Lysates were treated with 2 mM 1,10-phenanthroline (Sigma),
crosslinked with 0.5 mM dithiobis succinimidyl propionate (Thermo
Fisher Scientific) for 30 min at room temperature and quenched
in 100 mM Tris-HCI, pH 8, and 5 mM L-cysteine for 10 min at room
temperature. For immunoprecipitation, the lysates were then incu-
bated with Protein G-Sepharose beads (Santa Cruz) with antibodies
toPSMA1and eluted with100 mM Tris-HCI, pH 8,8 Mureaand 50 mM
dithiothreitol for 30 minat37 °C. Subsequently, 1% trifluoroaceticacid
(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 stepin our procedure is the separation of peptides from the
proteins eluted in the proteasome pulldown. MAPP analyzes endo-
genously cleaved peptides, whereas the proteasome complex and
associated proteins are physically excluded. Immunoprecipitated
proteasomes and their encompassed peptides were loaded on C18
cartridges (Waters) which were prewashed with 80% acetonitrile in
0.1% TFA, thenwashed with 0.1% TFA only. After loading, the cartridges
were washed with 0.1% TFA. Peptides were eluted with 30% acetonitrile
in 0.1% TFA. Protein fractions were eluted with 80% acetonitrile in
0.1% TFA.

MS sample processing

Protein fraction after proteasome purification: Proteins were dena-
tured by 8 Mureafor30 minatroomtemperature, reduced with5 mM
dithiothreitol (Sigma) for1 hat room temperature and alkylated with
10 mM iodoacetamide (Sigma) in the dark for 45 min at room tem-
perature. Samples were diluted to 2 M urea with 50 mM ammonium
bicarbonate. Proteins were then subjected to digestion with trypsin
(Promega) overnight at 37 °C at 50:1 protein to trypsinratio, followed
by asecond trypsin digestion for 4 h. The digestions were stopped by
addition of TFA (1% final concentration). Following digestion, peptides
were desalted using Oasis HLB, pElution format (Waters). The samples
were vacuum-dried and stored at —80° C until further analysis.

Total proteomics: Lysates in 5% SDS in 50 mM Tris-HCl were incu-
bated at 96 °C for 5 min, followed by six cycles of 30 s of sonication
(Bioruptor Pico, Diagenode). Proteins were reduced with 5 mM dithio-
threitol and alkylated with 10 mM iodoacetamide in the dark. Each
sample was loaded onto S-Trap microcolumns (Protifi) according
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to the manufacturer’s instructions. In brief, after loading, samples
were washed with 90%/10% methanol/50 mM ammonium bicarbo-
nate. Samples were then digested with trypsin for 1.5h 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
acidin50% acetonitrile. The three elutions were pooled together and
vacuum-centrifuged to dry. Samples were kept at —=80 °C until analysis.

HLA immunopeptidomics was performed based onref.12. Cell-line
pellets were collected in triplicate from 2 x 108 cells. For PSME4, OE
cellswere transfected 48 hbefore treatment and treated for 24 h with
TNF-o/IFN-y as described below. For PSME4, KD experiment cells were
acid-stripped and treated for 6 h with TNF-o/IFN-y as described below.
PSME4 KD experiments were performed at the Smoler Proteomics Unit
(Technion). Cell pellets were lysed on ice with a lysis buffer contain-
ing 0.25% sodium deoxycholate, 0.2 mM iodoacetamide, 1 mM EDTA,
1:200 Protease Inhibitor Cocktail (Sigma Aldrich), 1 mM PMSF and 1%
octyl-b-D glucopyranoside in PBS. Samples were then incubated with
rotation at 4 °C for 1 h. The lysates were cleared by centrifugation at
48,000g for 60 min at 4 °C and then passed through a preclearing
column containing ProteinA Sepharose beads. HLA-I molecules were
immunoaffinity purified from cleared lysate with the panHLA-I anti-
body (W6/32 antibody purified from HB95 hybridoma cells). Affinity
columns were washed first with 400 mM NaCl, 20 mM Tris-HCl and
then with 20 mM Tris-HCI pH 8.0. The HLA-peptide complexes were
then eluted with 1% TFA followed by separation of the peptides from the
proteins by binding the eluted fraction to Sep-Pak (Waters). Elution of
the peptides was done with 28% acetonitrile in 0.1% TFA. The peptides
were dried by vacuum centrifugation.

Liquid chromatography MS

Peptide fraction: ultra liquid chromatography-mass spectrometry
grade solvents were used for all chromatographic steps. Each sample
wasloaded using split-less nano-Ultra Performance Liquid Chromato-
graphy (10 kpsi nanoAcquity; Waters). The mobile phase was:
(1) H,0 + 0.1% formic acid, and (2) acetonitrile + 0.1% formic acid.
Desalting of the samples was performed online using areversed-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-pminternal diameter, 250-mm length,
1.8-pum particle size; Waters) at 0.35 pl min™. Peptides were eluted from
the columninto 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
5minand thenback toinitial conditions.

The nano ultra-performance liquid chromatography was
coupled online throughanano electrosprayionization emitter (10-pm
tip; New Objective) to a quadrupole orbitrap mass spectrometer
(Q Exactive Plus, Thermo Scientific) using a Flexlon nanospray
apparatus (Proxeon).

Data were acquired in data-dependent acquisition mode, using
aTopl0 method. MS1resolution was set to 70,000 (at 400 m/z), mass
range of 375-1,650 m/z, automatic gain control of 3 x 10° and maximum
injection time was set to 100 ms. MS2 resolution was set to 17,500,
quadrupoleisolation 1.7 m/z, automatic gain control of 1 x 105, dynamic
exclusion of 40 s and maximum injection time of 150 ms.

MS data analysis

Raw datawere analyzed using MaxQuant software (v.1.6.0.16) with the
default parameters for the analysis of the proteasomal peptides, except
for the following: unspecific enzyme, label-free quantification mini-
mum ratio count of 1, minimum peptide length for unspecific search
of 6, maximum peptide length for unspecific search of 40 and match
betweenruns enabled. A stringent false discovery rate (FDR) of 1% was
applied for peptide identification. For the analysis of tryptic digests,
the default parameters were set, apart froma 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 the MAPP peptide
fraction we removed antibody and proteasome peptides as contami-
nants. To decrease ambiguity, we allowed peptides that had at least two
valid label-free quantificationintensities out of the samplereplicates,
and we included razor peptides, which belong to a unique MaxQuant
‘protein group’. MAPP protein intensities were inferred with MaxQuant.
For graphical representationintensities were log-transformed, and in
Pythonv.3.6, zero intensity was imputed to arandom value chosen from
anormal distribution of 0.3 s.d. and downshifted 1.8 s.d. For clinical
cohorts, zero intensity was imputed to half the minimum. The presence
of missing values reflects both technical and biological variation in
the samples. 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 nonpaired Student’s ¢-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 comparison of whole cell proteomics
and MAPP data, proteins were ranked by their signed Pvalue: the sign
of the fold change between conditions multiplied by the negative
log,o-transformed Pvalue. Proteins that had positive (tumor-increased)
values were binned into ten groups of equal size. Any proteins that were
detectedin MAPPbut not detected or defined as adjacent-associatedin
whole cell proteomics were termed not-detected. The proteinsin MAPP
or whole cell proteomics with the top 50 signed Pvalues are presented
in heatmaps in Fig. 1. For the PSME4 OE immunopeptidomics, which
were collected and processed in pairs, values from a peptide that was
not detected inatreatment pair were not included in the analysis. For
the PSME4 KD immunopeptidomics, samples that did not meet quality
control standards were removed from the analysis, leaving biological
triplicates for both conditions. The binding of peptides was predicted
by netMHC based on A549 haplotypes’. Any peptide with a binding
rank greater than 5 was considered as a contaminant for analysis of
the differentially presented peptides.

TCGA, CPTAC and immune checkpointinhibitor data curation
TCGA data were mined using the xenaPython package in Python 3.6.
The results shown in this analysis are in whole or part based upon
datagenerated by the TCGA Research Network: http://cancergenome.
nih.gov/. For the cross-cancer proteasome ratio the GDC pan-cancer
dataset was used. Only cancer types with ten or more normal controls
were used. Ratios presented are the differences between the means
of the normal and tumor groups. Data used in this publication were
generated by CPTAC (National Cancer Institute/National Institutes of
Health). The CPTAC-LUAD cohort (n =110 tumors with matched adja-
cents) 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. Data reprocessing of six cohorts of ICI-treated patients
across three cancer types was performed'**%> %6, The signatures were
confirmedinanindependent cohort of NSCLC™. Proteasome subunit
expressionwas normalized to the core proteasome subunits (PSMA1-7
and PSMBI1-4) for each sample.

Proteasome complex heterogeneity clustering

The TCGA and ICI cohorts listed were combined by normalizing and
scaling the expression values for each cohort set (PANCAN, ICI1000+
and NSCLC cohorts) and then normalizing to the core proteasome. For
the clustering, either the catalytic core expression (PSMBS5-10) or the
regulatory cap expression (PSME1-4) was used. The data were clustered
using K-means (catalytic core) or Partitioning Around Medoids (PAM;
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regulatory caps) using the defaults in R. Clusters were then defined by
the dominant proteasome type expressed in the cluster.

Immune checkpoint inhibitor response analysis

To avoid data pooling, a meta-statistics approach was adapted from
ref. 30 and patients were stratified by the expression of different sub-
units (50% highest and lowest expressers across the cohorts) and then
correlated with ICI response. Likewise, to confirm the independence
of different biomarkers a general linear regression model was used.
The model was first generated for 35 biomarkers and then iteratively
reduced to only the markers that significantly contributed to the classi-
fication. For the survivalanalysisin Fig. 1, only the cohorts thatincluded
patient survival information (melanoma and bladder) were utilized.

Signatures and data visualization

Statistical analyses were performed in R v.3.6.2 and GraphPad Prism
v.7.04. In R, data were visualized using the complexheatmap®
and ggplot®® packages. Defaults were used unless otherwise noted.
Protein annotation and gene ontology analysis were performed with
the gene-set enrichment analysis® using the annotation sets indi-
cated in the figures. The T cell inflammation signature was based on
Trujillo et al.”” and Spranger et al.”’. Protein subcellular localization
was extracted from the Human Protein Atlas’ " with ‘uncertain’ or
‘approved’localization reliabilities excluded.

Reagents

A549 cells were originally obtained from ATCC (CCI-185), grown in
DMEM and used as model systems for cell biology studies including
western blot, biochemistry and imaging. KP1.9 cells, kindly provided
by Alfred Zippelius, were grown in Iscove’s MDM. Cells were routinely
tested for mycoplasma contamination. Media were supplemented
with10% FBS, 1% penicillin/streptomycin and L-glutamine (2 mmol ™)
(Biologicalindustries), unless otherwise indicated, at 37 °C with 5% CO,.

For TNF-o/IFN-y activation, cells were allowed to seed overnight
andwere subsequently treated with TNF-a (PeproTech, human; 300-01A
or mouse; 315-01A) and IFN-y (PeproTech, human; 300-02 or mouse;
315-05) at 20 ng ml™ and 10 ng mI™, respectively, for 24 h.

Celldeath assessment was done by trypan blue staining, with cell
counting by a Countess Ilautomated cell counter (Thermo Fisher) and
by Cell titerGlo assay (Promega). Proliferation of mammalian cells was
measured by KIT8 assay (Sigma).

MISSION short hairpin RNAs targeting mouse or human PSME4 or
RFP were obtained from Sigma (TRCNO000176569, TRCNO000178428,
TRCNO0000158223, TRCNO000157073).

pcDNA3.1_ PSME4 (ref. 75) was transfected into A549/KP1.9 cells
with Lipofectamine 2000 (Thermo Fisher).

Antibodies used are listed in Supplementary Table 1.

Proteasome cleavage reporter assay
Cells were lysed with 25 mM HEPES, pH 7.4,10% glycerol, 5 mM MgCl,,
1 mM ATP and 1:400 protease-inhibitor mixture (Calbiochem), then
homogenized through freeze-thaw cycles and passed through a
needle. Thelysates were cleared by 30 min of centrifugationat21,130g
at4 °Ctoremove cell debris. Protein concentration of the supernatant
was determined by a NanoDrop spectrophotometer (Thermo Fisher
Scientific) by measuring the absorbance at 280 nm.
Proteasomalactivity in cell fractions was determined by cleavage
of the fluorogenic precursor substrates 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) and Ac-Nle-Pro-Nle-Asp-AMC (Ac-nLPnLD-AMC) (Bachem).
Substrate (10 pM) was added to 10 pg of total protein per well, and
incubated in a reaction buffer (50 mM HEPES, pH 7.5, 1 mM dithio-
threitol,5 mMMgCl,and 2 mM ATP). When using recombinant PSME4

(purified according toref.18),1 nMwas added to a100-pl final reaction.
Fluorescence 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 inhibi-
tor MG132 (Calbiochem) as background. Resulting product curves
were followed for up to 3.5 h. Eachvalue of fluorescence intensity repre-
sents amean value obtained from three independent experiments.

Immunoblotting

Cells were lysed in STET buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 2 mM EDTA 1% Triton-X and 1:400 protease-inhibitor mixture
(Calbiochem)). Protein concentration was assessed using a BC Assay
Protein Quantitation Kit (Interchim). First, 20 pg of total protein was
separated by SDS-PAGE on a 4-20% gradient ExpressPlus PAGE gel
(M42015, https://www.ncbi.nlm.nih.gov/nuccore/M42015 GenScript)
and transferred onto PVDF membranes using an iBlot 2 Gel Transfer
Device (Thermo Fisher Scientific). The membranes were blocked in 5%
milk preparedin TBS-0.1% Tween and incubated in primary antibodies
overnightat4 °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 Image)
analyzer software.

Immunoprecipitation

Cells were lysed in 25 mM HEPES, pH 7.4,10% glycerol, 5 mM MgCl,,
1 mM ATP and 1:400 protease-inhibitor mixture (Calbiochem), then
homogenized through freeze-thaw cycles and passed through a
needle. Thelysates were cleared by 30 min of centrifugationat21,130g
at4 °Ctoremove cell debris. Precleared cell lysates were prepared by
incubating with ProteinA/G-conjugated agarose beads for 30 min at
4 °Cwithslowrotation. Then,1 mgofprecleared cell lysates were added
to 20 plof fresh ProteinA/G-conjugated agarose beads along with 4 pg
of antibodies. The mixture was incubated overnight at 4 °C with slow
rotation followed by three 1-mlwashes with chilled PBS buffer. The target
conjugates were then eluted from beads by mixing protein loading
dye (withreducing agents) and heating for 5 min at 95 °C followed by
denaturing western blot.

Nucleus and cytoplasm fractionation

All preparations were performed on ice. Cells were lysed in 20 mM
HEPES, pH 7.4, 10 mM KCI, 5 mM MgCl,, 1 mM ATP and 1:400
protease-inhibitor mixture (Calbiochem), then passed through a
needle. The solution was centrifuged to pellet nuclei (700g 5 min).
Supernatant (cytoplasmic fraction) wasre-centrifuged (15,000g, 3 min)
to pellet debris. The nuclei fraction was washed three times with cell
lysis buffer. Nuclei were lysed and protein concentrations of each frac-
tion were assessed using BC Assay Protein QuantitationKit (Interchim).

Gelfiltration

Gelfiltration experiments were performed using a Superose 6 Increase
10/300 GL size exclusion column (GE Healthcare) AKTA pure pro-
tein purification system (Cytiva). The running buffer used was 25 mM
HEPES, pH7.4,10% glycerol, 5 mM MgCl,and 1 mM ATP. The column was
calibrated using a gel filtration molecular weight standard (Bio-Rad).
The following standards were used for calibration: thyroglobulin
(670 kDa, stokes radius (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 proteinsample at afinal 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, and elution
volumes were determined from ultraviolet chromatogram. The parti-
tion coefficient, K,,, was calculated from the elution volume of
the sample, V,, and total bed volume, V,, using the expression:
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Kay = (Ve = Vo)/(V, — V) . Calibration curves and equations were
established.

Peptide stripping by acid wash

Toremove HLA-bound peptides from the cell surface, cells were washed
twice with PBS and then incubated for 1 min with citrate phosphate
buffer (260 mM citric acid and 123 mM disodium phosphate (pH 3))
at room temperature. Afterwards, cells were washed twice with their
relevant medium, supplemented with 10% FBS, 2 mM glutamine and
1 mMsodium pyruvate. Subsequently, cells were resuspended in fresh
medium and plated in six-well plates.

Surface HLA staining in flow cytometry

A549 and KP1.9 cells, after acid strip, were treated with hTNF-o/
hIFN-y (as described above) or mTNF-o/mIFN-y (as described above),
respectively, for 24 hor asindicated. Cells were collected and stained
with Live/Dead Aqua staining kit from BioLegend as per the manufac-
turer’s protocol. Approximately 1 x 106 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 100 pl for 30 min. Cells
were then washed and acquired.

Intracellular HLA staining

Cells were collected and stained with Live/Dead Aqua staining kit
from BioLegend as per the manufacturer’s protocol. Approximately
1x10° cells were washed, fixed in ice-cold 3.7% PFA in PBS for 10 min,
blocked with 2% FCS for 5 min and stained with anti-HLA-A/B/C-PE.

Tissue fixation, processing and embedding

Tissues were fixed in 4% paraformaldehyde for 1 week. Dehydration
ofthetissue was done by serialimmersioninincreasing concentrations
of alcohol (70% to 100%) and removal of the dehydrant with xylene.
The tissue was embedded in paraffin, sectioned at 4 pm and mounted
on microscope slides. The slides were placed in an oven for 1 h at
60 °C or overnight at 37 °C before immunohistochemical staining.

IHC and immunofluorescence staining
Hematoxylin and eosin stains were performed on an automated device
according to the manufacturer’s instructions. IHC stains were per-
formed onaBenchmark XT staining module (Ventana Medical Systems)
using iVIEW DAB Detection Kit (760-091, Ventana Medical Systems)
or Ultra VIEW Universal DAB Detection Kit (760-500, Ventana Medical
Systems). Antibody details are described above. Following immuno-
staining, sections were counterstained with hematoxylin (Ventana
Medical Systems), rinsed in distilled water and dehydrated manually
in graded ethanols. Finally, the sections were cleared in xylene and
mounted with Entellan (Surgipath Medical Industries) onglassslides.
Theimmunofluorescence staining was performed at the Molecular
Cytology Core Facility of Memorial Sloan Kettering Cancer Center
using a 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 BDHISTECH).

IHC staining of PSME4

Paraffin-embedded mouse and human tissues were cut in 3-um-thick
sections using the Hyrax M55 microtome (Zeiss). Tissue sections were
incubated for 1 h at 60 °C to melt paraffin, deparaffinized by incubat-
ing twice 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

Tris-buffered saline with 0.1% Tween 20 (TBST), unspecific binding
sites were blocked for 30 min with Rodent Block M (Biocare Medical).
The slides were washed againin TBST and incubated with anti-PSME4
antibody (sc-135512, Santa Cruz) diluted in Antibody Diluent (DAKO)
for1hatroomtemperature. After extensive washingin TBST, sections
wereincubated with MACH 2 Rabbit AP-Polymer (Biocare Medical) for
30 min at room temperature. Sections were rinsed again in TBST and
incubated in Vulcan Fast Red AP substrate solution (Biocare Medical)
for10 min. Tissue sections were washed in TBST and Milli-Q 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. Tumor staging was done based on the criteria
from Klotz et al.”®. 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) and 3 (strong). Scores were dichotomized into high- (>80)
and low- (<80) expressing tumors with the score 80 representing the
median of all samples.

Quantitative PCR analysis

RNA was extracted using Direct-zol RNA MiniPrep R2051 (ZYMO
research). Messenger RNA levels were ascertained by RT using High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher), real-time
quantitative PCR using Sybr-green (Kapa Biosystems) and the
StepOnePlus Real-Time PCR Systems (Life Technologies), using
primers listed in Supplementary Table 2.

All values were normalized to the mRNA abundance of house-
keeping genes (RPS18 or GAPDH in human; GAPDH in mouse).
Each primer pair was calibrated using the Absolute Quantification
program with increasing concentrations of complementary DNA.

Orthotopic lung cancer model

Mouse experiments were conducted according to approved experi-
mental procedures (approval numbers 04400520-2 and 04990620-1).
Male C57BI/6J mice (Envigo) or RAG1-/- mice (Jackson Laboratory)
at the age of 8-10 weeks were injected intravenously with 2 x 10°
cells in 200 pl of PBS (Biological Industries). Mice were observed for
adverse effects and weights noted twice a week. Peripheral blood was
collected from the tail vein. At the end of the experiment, mice were
killed by CO, asphyxiation and tissues collected to cold PBS. Mice were
housed in individually ventilated cages, with up to five animals per
cage, with12 hdark/12 hlight cycle, with an average room temperature
of 21°C and humidity around 50%. Only male mice were used in our
in vivo studies, as the KP1.9 cells were initially isolated from a male
C57BL/6 KrasLSL-G12D/WT;p53Flox/Flox mouse. Female mice rejected
engraftment.

Tissue processing and flow cytometry staining
Peripheral blood was washed and red blood cells removed by ACK lysis
buffer (150 mM NH,CI, 10 mM KHCO,, 0.1 mM EDTA in 0.1 x PBS-/-)
and washed in flow cytometry buffer (PBS—/-, 0.5% BSA,2 mM EDTA).
Spleens and lungs were weighed before further processing. The
left lung lobe was used for histological analysis of tumor development
(hematoxylin and eosin) after fixation in 4% formaldehyde (Biolabs).
Right lung lobes were minced and digested with 5 ml of digestion
buffer: collagenase 4 (200 U ml™, Worthington Biochemicals), DNase
1(100 pg ml™, Sigma Aldrich) in PBS++ supplemented with2 mM CaCl,,
for 20 min at 37 °C with shaking. Single-cell suspensions of spleen and
lungs were obtained by straining cells through 100-um strainers and
washingin cold flow cytometry buffer. Red blood cells were removed by
ACK lysis buffer, washed with flow cytometry buffer and strained again.
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Forintracellular cytokine and transcription factor stainings, cells
were incubated for 4 h with Brefeldin A (Biolegend) and Monensin
(Sigma Aldrich). First, viability staining was done with Zombie Aqua
(Biolegend) according to the protocols. Cell surface staining was per-
formed in flow cytometry buffer in 100 pl at appropriate dilutions.
When needed, cells were fixed and permeabilized with the FoxP3 tran-
scription factor kit from eBioscience (Thermo Fisher Scientific) and
stained for FoxP3 and IFNg according to the manufacturer’s protocol.
Samples were acquired on an Attune Nxt with Autosampler and
analyzed in FlowJo (v.10.7.1, Becton Dickinson). Exemplary gating
strategies are provided in Supplementary Information.

Cytotoxicity assay

In total, 10,000 KP1.9 wild-type (WT) cells were stained with CFSE
(5 uM; BioLegend; ata cell concentration of 1x 10° per ml), plated onto
a96-well plate and allowed to attach overnight. The following day, sple-
nocytes wereisolated from naive mice, or from mice bearing KP1.9-WT,
-PSME4 KD or -PSME4 OE tumors. Red blood cells were lysed using ACK
buffer, cellswere washedin PBS and 100,000 splenocytes were plated
on top of the tumor cells in RPMI medium + beta-mercaptoethanol
(50 pM). Coculture was maintained for 7 days. On day 7, cell superna-
tants were collected onto anew 96-well plate, and the attached tumor
cells were detached with trypsin containing propidium iodide. After
cell detachment, the supernatant was used to resuspend the detached
cells, and the entire sample was acquired.

Bulk RNA-seq library preparation and analysis

Total RNA was extracted from A549 cells using Trizol (Ambion) and
chloroform, followed by washes with isopropanol and 70% ethanol.
Next, 1 pgofextracted RNAwasusedasaninputformRNAisolationusing
polyA beads (Lexogen’s SENSETM mRNA-Seq Kit V2). Then, libraries
were prepared using the same kit, according to the manufacturer’s
instructions. The libraries were sequenced using the lllumina Next
Generation Sequencing platform.

Analysis of RNA-seq data was carried out in User-friendly Tran-
scriptome Analysis Pipeline (UTAP) v.1.10 (ref. 77). In short, reads were
trimmed using the Cutadapt function. Reads were then mapped to
the mouse genome hg38 using the Spliced Transcripts Alignment to
a Reference (STAR) method, followed by quantification with RefSeq
annotated genes. Counting was performed using STAR. Subsequently,
the analysis was carried out for genes that had at least five reads in at
least one sample. Normalization of the counts was done using DESeq2
withthe parameters: betaPrior = True, cooksCutoff = FALSE, independ-
entFiltering = FALSE. Raw P values were adjusted for multiple testing
using the Benjamini and Hochberg method. The adjusted Pvalues were
corrected with FDR tools with the normal null model used for statistics.
This pipeline was built using Snakemake.

scRNA-seq of CD45" cells from lung tissues

CD45" cell isolation from lung tissues. C57Bl/6) mice were injected
withKP1.9 shCtrl or shPSME4 cells (0.25 x 10° cells, intravenously). After
21 days, lungs were perfused manually with 3 ml of cold PBS without
Mg/Cathroughtheright ventricle of the heartand collected (4 x shCtrl,
4 x shPSME4) into cold PBS. The lung tissue was cut into pieces and pro-
cessed usinga GentleMACS Octo Dissociator (program 37C_m_LDK 1,
Miltenyi Biotec) with the mouse lung dissociation kit (130-095-927,
Miltenyi Biotec) according to the manufacturer’s protocol. After the
run, cells were strained through a 70-pm mesh and washed with FACS
buffer (0.5% BSA, 2 mM EDTA in PBS without Mg/Ca). Red blood cells
were lysed with ACK buffer for 4 min, and the reaction stopped by
addition of cold FACS buffer. Finally, cells were resuspended in FACS
buffer with FC block (anti-CD16/CD32, 1:500, Biolegend 101330) and
incubated for 5 min. Lung cells from shCtrl or shPSME4 were stained
with four differently labeled CD45 antibodies (APC, PE/Cy7, FITC,
violetFluor 450) for 30 min at 4 °C. Cells were washed with FACS buffer

twice, and the shCtrl or shPSME4 samples unified for parallel sort-
ing of the four lung populations. Propidium iodide was added fresh
(1pg mi™) to exclude dead cells, and cells were sorted on BD FACSAria
IITand BD SORP FACSAriall sorters running on BD FACSDiva software
(v.8.0.1) using a85-umnozzle. A gating strategy is provided in Supple-
mentary Fig. 19. Finally, cells were washed twice (PBS without Mg/Ca,
0.04%BSA) and counted onaNeubauer chamber with trypanblue, and
three samples from each condition were chosen (high cell count and
viability >90%) for further processing.

scRNA-seq using Chromium 10x genomics platform. scRNA-seq
libraries were prepared at the Crown Genomics Institute of the Nancy
and Stephen Grand Israel National Center for Personalized Medicine,
Weizmann Institute of Science. Cells were counted and diluted to a
final concentration of approximately 1,000 cells per plin PBS sup-
plemented with 0.04% BSA. The cellular suspension was loaded onto
aNext GEM Chip K targeting 6,000 cells and then run on a Chromium
Controller instrument to generate a GEM emulsion (10x Genomics).
Single-cell gene expression libraries as well as single-cell V(D)J libraries
were generated according to the manufacturer’s protocol using the
Chromium Next GEM Single Cell 5 Reagent Kits v2 (Dual Index) work-
flow. Final libraries were quantified using NEBNext Library Quant Kit
for lllumina (NEB) and high-sensitivity D1I000 TapeStation (Agilent).
Libraries were pooled according to targeted cell number, aiming for at
least 5,000 reads per cell for V(D)] libraries and 20,000 reads per cell
for gene expression libraries. Pooled libraries were sequenced on a
NovaSeq 6000 instrument usingan SP 200 cycles reagent kit (Illumina).

Raw reads processing. Raw sequencing bcl files were converted to
fastq files and aligned to the GRCm38 mouse genome, and unique
molecularidentifiers were quantified using Cell Ranger suite (v.6.0.0).
V(D)] libraries were mapped to the GRCm38 VD] reference provided
by 10x Genomics (v.5.0.0), and clones were identified, counted and
summarized with Cell Ranger suite (v.6.0.0). Filtered count matrices
were imported into R for further processing.

Clustering and cell-type identification. In gene expressionlibraries,
low-quality cells with more than 10% of reads mapping to the mitochon-
drial genome were removed. The Seurat R package (v.4.0.3) was used
to normalize and scale expression values for total unique molecular
identifier counts per cell’®. Due to complexity and variability in the
immune cell population we performed stepwise clustering’. A detailed
clustering strategy is shown in the supplementary single-cell docu-
mentation. First, 2,000 highly variable genes were identified using
the vst method. Dimensionality reduction was done with principal
component analysis, with the first 30 principal components used for
nearest neighbor graph construction and clustering. For each cluster,
based on marker expression, we identified whether it belonged to
one of the groups: nonimmune, B cells, T cells, innate lymphoid cells,
macrophages and DCs, cycling cells and other. Subsequently, we per-
formed clustering within each group individually as described above;
for each cluster we identified markers (Seurat FindMarkers function)
and we removed clusters containing doublets, that is, clusters that
did not have any uniquely expressed genes and contained markers
specific for at least two abundant clusters. For example, clusters with
high expression of Ncr1 (NK cell marker) and Cd79b (B cell marker)
were considered doublets.

Finally, for each cluster weidentified markers (Seurat FindMarkers
function) and annotated them through comparison with markers in
theliterature and ImmGen database®*®

Functional analysis of cell populations. Gene ontology analysis was
performed using g:Profiler2 (ref. 82) with default settings, and multiple
hypothesis testing adjustment using all mouse genes as background
control. The log,, FDR-adjusted Pvalues were plotted as bar plots.
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Differential expression analysis. To compare gene expression of each
cell-type cluster between conditions, we calculated pseudo-bulk by
addingreadsfromall cellswithineach clusterinasample. We thenused
DESeq2 with default parameters to determine differential expression®.

Ethics statement

Human lungtissues obtained from patients surgically treated for lung
cancer were provided by the Asklepios Biobank for Lung Disease,
Gauting, Germany or obtained from the Israel National Biobank for
Research. Samples were obtained under the approval of the Ministry
of Health Institutional Review Board, the Israel National Biobank
for Research, protocol no. 118-2018, or the ethics committee of the
Ludwig-Maximilians University Munich, according to national and
international guidelines (project number 333-10). As tumors were in
the lung and not subcutaneous, tumor burden was monitored through
proxies of weight loss and breathing. Early withdrawal criteria for
mouse experiments were either weight loss of more than 20% body
weight or laborious/heavy breathing due to lung tumor expansion.
Mice were removed from the study by reaching either criterion.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq data that support the findings of this study have been
deposited in the Gene Expression Omnibus (GEO) under accession
code GSE201460. scRNA-seq data have been deposited to the Array-
Express database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under
accession code E-MTAB-10745. Mass spectrometry data (list in Sup-
plementary Table 3) have been deposited to the ProteomeXchange
Consortium via the PRIDE®* partner repository with the primary
accession codes PXD019573, PXD028364 and PXD037365 (https://
www.ebi.ac.uk/pride/). Previously published data from ICB-treated
cohortsthat werere-analyzed here are available under accession codes
EGAS00001002556, EGAS00001002928, GSE78220 and GSE91061.
Human PANCAN transcriptomics data were derived from the TCGA
Research Network: http://cancergenome.nih.gov/,and CPTAC: https://
proteomics.cancer.gov/data-portal. Source data are provided with this
paper. All other datasupporting the findings of this study are available
fromthe corresponding authors on reasonable request.

Code availability
Custom code used in this manuscriptis available at https://github.com/
merbllab/PSME4_NatCancer.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Proteasome expression differs across tumor types.

a, Tumors were clustered by the expression of either the catalytic (PSMBS,
PSMB6, PSMB7, PSMB8, PSMB9, PSMB10) or regulatory subunits (PSMEL, PSME2,
PSME3 and PSME4). We defined two clusters based on the catalytic cores that

we defined as cProt - constitutitve proteasome and iProt -immunoproteasome
based on the proteasome expression. Likewise, we defined 4 clusters based on
the regulatory subunits that we defined as PSME4, PSME3, PSMEland2 and mixed
based on the expression patterns. The graph shows the difference in the mean

expression of each subunit for each cluster compared to the full dataset (color) as
well as the significance of the difference between the mean and the background
(circlesize). b, The odds ratio of association with survival for the biomarker
indicated for each of the cohorts used for theimmunotherapy metaanalysis
(n=331BLCA, 134 SKCM, 72 KIRC tumors). ¢, The spearman correlation between
different biomarkers from the ICI1000 + study (n = 331 BLCA, 134 SKCM, 72 KIRC
tumors). Circle size shows absolute correlation coefficient and asterisks indicate
correlation significance. Precise p values are presented in source data.
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Extended Data Fig. 2| PSME4 is increased in NSCLC and stratifies

response. a,b, Kaplan-Meier curves of patient survival stratified by the ratio in
expression between PSME4 and PSMEI for the melanoma cohorts treated with
immunotherapy (SKCMICI, a) or bladder cancer (BLCAICI, b). Significance
determined from Log-ranked test. ¢, Patients were stratified by PSME1 expression
intheICl cohorts and the response rate for the PSME1-low and PSME1-high
groups are shown. PSME1 alone does not consistently categorize aresponse
status among the cancer types analyzed. d, Kaplan-Meier curves of patient
survival stratified by the regulatory subunit clusters defined in ‘Fig. 1c’ for the
TCGA cohorts. Significance determined from Log-ranked test (n = 9724 tumors).

e, H&E staining of tumor or adjacent tissue from 2 representative patients (Scale
bar represent 2000 pm.). f, Immunohistochemistry staining for PSME4 of tumor
oradjacent tissue from 3 representative patients (Scale bar represent 2000 pm
(X0.5),100 pm (X10) and 20 pum (X40)). g, Immunoblotting band intensity across
tumor or adjacent tissues were quantified for PSME4 and normalized to actin as
aloading control (two-sided paired student’s t-test *P = 0.0437, n = 5 patients).

h, Immunoblotting band intensity across tumor or adjacent lung tissues from
anindependent cohort were quantified for PSME4 and normalized to actinasa
loading control (two-sided paired student’s t-test **P = 0.01, n = 6 patients).
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Extended Data Fig. 3| PSME4 is not strongly associated with other factors
inLung Adenocarcinoma. a-d, Using the protein abundance of PSME4
normalized to the mean abundance of the core proteasome from the CPTAC
LUAD cohort compared to patient data, we examined the association to other
factors. (a) The significance of the association between each of the factors listed
and the abundance of PSME4 across the samples. For discreet factors, the mean
abundance between the different groups was compared with a one-way ANOVA.
For continuous factors, the significance of the spearman correlation between
the protein abundance and factor is displayed. (b) Slight increase in PSME4
abundance in tumors that do not have a KRAS mutation (two-sided student’s
ttest, n=111tumors). (c) Change in abundance of all the proteasome subunits
between KRAS mutant and wild type KRAS tumors. As most proteasome subunits

aredecreased in abundance in KRAS mutant cancers, we conclude that the
change we observe in PSME4 is not due specifically to PSME4 level or function.
Significance determined from two-sided student’s T test, n = 111 tumors.

(d) The abundance of PSME4 normalized to the core in each of the histological
subtypes of PSME4 (n =111 tumors). Variation between the subtypes only
occursinrare groups that cannot clearly be distinguished due to sample size.
e-i, Quantification of PSME4 in NSCLC subtypes lung adenocarcinoma (LUAD)
and squamous cell lung carcinoma (SQCLC) measured by immunohistochemistry
staining. Samples are stratified by subtype (e), smoking level (f), T stage (g),
Nstage (h) or TNM stage (i). Dots are colored by subtype (LUAD - yellow,
SQCLC-red). 50 independent patient samples were assessed. Box plots span
the first to third quartiles. Significance determined by Wilcoxon rank sum test.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | PSME4 low tumors are enriched in T cell pathways with
proteomics but not transcriptomics. a - ¢, Pathway enrichment analysis was
performed for the tumors in the CPTAC-LUAD cohort that are defined as PSME4
enriched (based on Fig. 1) using the (a) KEGG (b) BIOCARTA or (c) Gene Ontology
datasets. The Normalized Enrichment score (for the PSME4-low tumors
compared to the PSME4-high tumors) is plotted with the circle size indicated
pathway size and the color indicating the significance of the enrichment
determined by FDR corrected g-value (n =111 tumors).d, qPCR of PSME4 in

A549 cellline following depletion of PSME4 with shA223 or shA073 compared

to shCtrlwith and without stimulation with TNFaand IFNy (T +1) (two-sided
paired student’s T test, P values in source data.; n = 3independent biological

experiments; bars indicate mean +s.d.). e, Lysates of A549 cells with PSME4
knockdown (shA223 and shA073) or control (shCtrl) were blotted for PSME4
and B-Actin as aloading control. The experiment was repeated twice with similar
results. f, Quantification of PSME4 band intensity in A549 cell line with PSME4 KD
(A223 or A073) or shCtrl (Ctrl) across three independent samples normalized to
actin as aloading control and to shCtrl (Welch’s corrected two-sided student’s
T-test*P = 0.0186; ***P = 0.0005; bars indicate mean +s.d.). g, The fold change in
gene expression between the A549 cell line following depletion of PSME4 with
shA223 compared to shCtrlis plotted against the significance of the change.
Genes which passed the FDR adjusted P value cutoff of 0.05 are presented.
Significance is determined by Wald test with BH correction.
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Extended DataFig. 5| Proteome and Degradome landscapes classify tumor
and adjacent tissues across patients. a,b, Pairwise Pearson correlation between
the proteins identified in each sample by MAPP (a) or the whole cell proteome
(b; n=8adjacent and 8 tumor samples). ¢,d, Principal component analysis based
ontheidentities and abundances of the proteins identified by MAPP (c) or whole
cell proteome (d). Tumor (T) and adjacent (A) samples are annotated and plotted
with principal component PClagainst PC2 (n = 8 adjacent and 8 tumor samples).
e, The abundance of proteins that were different between tumor and adjacent
lung tissues as determined by MAPP are shown in four datasets: MAPP (n =16
samples), whole cell Proteomics (n =16 samples), CPTAC proteomics (n =215
samples) and TCGA LUAD (c = 573 samples). Proteins not identified in a dataset
areshownas grey, otherwise the normalized abundance / expression is shown
asaredtobluescale. f, The fold change in abundance for each protein between
the tumor and adjacent tissue in the whole cell proteome is plotted against the

significance of their difference (negative log10 transformed P value) in grey. The
proteins identified as differential in MAPP (listed in table S2) are annotated in red.
g, Proteins identified in MAPP organized by their annotated cellular localization
(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: degradation ratio below 0, black: ratio between median
and 0). Proteins that are annotated to localize at more than one organelle appear
more than once. h,i, The mean ratio of degradation (MAPP) between the tumor
and adjacent tissues for proteins annotated to the nucleus (h) or cytosol (i)
versus other proteins. The nuclear proteins on average had significantly higher
ratio compared to the background proteins (Wilcoxon rank sum test p = 0.037;

n =337 proteins identified across 8 tumor and 8 adjacent tumor samples). Box
plots span the first to third quartiles and whiskers show 1.5x interquartile range.
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Extended Data Fig. 6 | PSME4 is incorporated into multiple species of
proteasome complex in multiple localizations. a,b, Cytosolic and nuclear
cellular fractions of A549 were stained with Coomassie (a) and immunoblotted
for PSME4 (b). GAPDH and Histone H3 were used as cytosolic and nuclear
markers respectively. ¢, Proteasome complexes were immunoprecipitated

(IP) with PSMA1 from A549 cells (with PSME4 depletion or control) that were
either treated with TNFa and IFNy or left untreated and blotted for the indicated
proteasome subunits. This experiment was repeated twice with similar results.
d,e, Abundance of the proteasome subunits following mass spectrometry

analysis of the sPSMAlimmunoprecipitate from nuclear and cytosolic fractions.

Aheatmap of abundances where values are scaled by row (d). A volcano plot
showing the log2 transformed fold change between median abundance of

each subunitin the nuclear and cytosolic proteasomes is plotted against the
significance of the difference (two-sided student’s T.test; e). Colors indicate the
identity of the proteasome subunits. f, The carboxy terminal residue of peptides

was used to classify these peptides based on the proteasome activity attributed
to their cleavage. The abundance of PSME4 in the samples based on whole cell
proteomics correlated with the chymotryptic-like signature (spearmanrho
=0.33, n =8 tumor and 8 adjacent samples). g, Workflow of the size exclusion
separation. A549 cells were treated with TNFaand IFNy (TI) for 24 hours or

left untreated, lysed and then recombinant PSME4 was added to the Tl treated
AS549 lysates. h, Lysates were separated by size using Superose6 gel filtration
column and blotted against different proteasome subunits as indicated.

i, Input lysates of A549 cells treated with TNFaand IFNy (TI) or untreated

used forimmunoprecipitation shown in Fig. 3f blotted with the indicated
antibody.j,k, Input lysates of A549 cells treated with TNFaand IFNy (TI) or
untreated (j) and the immunoprecipitation with the indicated antibody (k)
blotted for the indicated proteasome subunit. Experiments in h-k were repeated
twice with similar results.
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Extended Data Fig. 7| PSME4 modulates proteasome activity and HLA
maturation. a-c, Proteasome activity assays using fluorogenic substrates LLE-
bNA (caspase, p1;a), nLPnLD-AMC (caspase, B1;b), or LLVY-AMC (chymotryptic,
B5;c) for 3.5 hours. Relative fluorescence unit (RFU) of the substrate is shown
across the 3.5 hours of the experiment (left) or at the endpoint (right).
Recombinant PSME4 in different ratios, as indicated, was added to A549 lysates
(one-way ANOVA; **P = 0.0022, ****P < 0.0001; bars indicate mean +s.d.;n=3
independent samples). d-h, Proteasome activity assays using the nLPnLD-AMC
(caspase, B1;d), RLR-AMC (tryptic, 2/ 32i; e), PAL-AMC (chymotryptic, B1i;

f), LLVY-AMC (chymotryptic, 35/ 5i; g) or ANW-AMC (chymotryptic, 35i; h)
substrates. Relative fluorescence unit (RFU) of the substrate is shown across the
3.5 hours of the experiment (left) or at the endpoint (right). A549 lysates were
treated with TNFaand IFNy (T +I; red) or untreated (UT; black) and recombinant
PSME4 was added to the lysate where indicated (two-sided paired student’s

T-test) Red squares indicate the portion of the Figure reproducedin Fig. 3 (n=4
independent samples; bars indicate mean + s.d.). i, The MFl of HLA on the cell
surface was monitored using flow cytometry following acid stripping. PSME4
depletion (shPSME4) increases levels of HLA on the cell surface starting from

2 hours after stripping (2-way-ANOVA ***P < 0.0001, n = 3 independent samples;
barsindicate mean +s.d.).j, The percentage of HLA-high cells was monitored
using flow cytometry following acid stripping. PSME4 overexpression (PSME4
OE) decreases levels of HLA on the cell surface starting from 4 hours after
stripping. (2-way-ANOVA **P = 0.0033, n = 3 independent samples; bars indicate
mean £s.d.). kI, The percent of cells with high levels of HLA on the surface is
significantly decreased following PSME4 overexpression (k; n =3 independent
samples per condition). By contrast, the intracellular levels of HLA are
significantly increased upon PSME4 overexpression (I; bars indicate mean +s.d.).
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Extended Data Fig. 8| The cellularimmunopeptidome s altered by PSME4
modulation. a, The number of peptides identified in A549 cells 6 hours after
acid stripping and stimulation with TNFa and IFNy. Peptide count is shown both
for cells depleted of PSME4 (KD) or control (Ctrl). Peptides were derived from
n=3independent samples per treatment (Wilcoxon rank sum test; bars indicate
mean ts.d.). b, Principal component analysis (PCA) of the peptides identified
and their abundances in the immunopeptidomics experiment (n = 3 independent
samples). ¢, The mean fold change ratio between PSME4 depleted (KD) and
control (WT) peptides is plotted for all the peptides identified. (One-sided T test
of FC versus mu = 0) d, Whole cell proteomics was performed and a volcano plot
for the change in protein abundance between the depleted (KD) and control
(WT) conditions is shown (two-sided Student’s T test). e, Peptides are divided
based on predicted haplotype and the fold change between PSME4 depletion
(KD) is shown for each group (n =3 independent samples). Box plots span the
first to third quartiles and whiskers show 1.5x interquartile range. f, The fold
change between KD and WT for the 179 peptides which end in K (orange line)
was compared to 179 peptides randomly selected from the immunopeptidome

10,000 times (grey). g, A549 cells transfected with a PSME4-expressing plasmid
orempty vector as a control. Cell lysates were blotted for PSME4. 3-Actin was
blotted as aloading control. Experiment was repeated twice with similar results
h, Quantification of PSME4 band intensity in A549 cell line with PSME4 OE or Ctrl
across n =3 independent samples normalized to actin as aloading control (two-
sided paired student’s t-test **P = 0.0045). 1, Principal component analysis (PCA)
ofthe peptidesidentified and their abundances in the immunopeptidomics
experiment. j, Following ratio normalization to control for batch effect, the
correlation between the ratios for the 463 altered peptides is shown across

the replicates. k, The mean fold change ratio between overexpression (OE)

and control peptidesis plotted for the 463 peptides differentially presented
upon PSME4 overexpression. I, The percentage of peptides with each indicated
carboxy terminus is plotted for the peptides significantly increased in the PSME4
overexpression or empty vector control (denoted WT). m, The ratio between
the enrichment score for the cellular component groups enriched in peptides
increased in expression upon PSME4 overexpression (OE) over control (WT).
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Extended Data Fig. 9 | PSME4 depletion in KP1.9 cellsincreases MHC levels.

a, Lysates of KP1.9 cells with PSME4 knockdown (shK369 and shK428, shK569

or shK813) or control (shRFP) were blotted for PSME4 and B-Actin as aloading
control. b, Quantification of PSME4 band intensity in KP1.9 cell line with PSME4
KD or Ctrl (shRFP) across independent samples per condition normalized to actin
asaloading control and to shRFP (barsindicate mean + s.d.; two-sided student’s
T test, shK428 P = 0.018, shK569 P = 0.0054 or shK813 P = 0.0368). ¢, KP1.9 cells
and healthy mouse lung tissue were blotted for PSME4. 3-Actin was blotted asa
loading control.d, qPCR shows the expression of PSME4 in KP1.9 cells transfected
with a PSME4 overexpression plasmid (n = 3 independent experiments; bars
indicate mean +s.d.). e, KP1.9 cells transfected with a PSME4 overexpression

plasmid (+) or GFP (-) as a control. Cell lysates were blotted for PSME4 or PSMA1-7.
B-Actin was blotted as aloading control. f, Band intensities of e were quantified
for PSME4 and normalized to actin as a loading control (two-sided paired
student’s t-test *P = 0.0331; n = 3 independent samples). g, Median fluorescence
intensity from flow cytometry analysis of MHC-1 expression using aKb or Db
antibody on KP1.9 cells with PSME4 overexpression or control (n =3 independent
samples). Box plots span the first to third quartiles and whiskers show 1.5x
interquartile range (Wilcox test). h,i, GO-term enrichment (of key markers

from the plasmacytoid DC (h) or mature DCs enriched inimmunoregulatory
molecules (mregDCs; i) population. Significance determined by FDR corrected
g-value.

Nature Cancer


http://www.nature.com/natcancer

Article https://doi.org/10.1038/s43018-023-00557-4

as,, d
> 50000 50000
z -=-KP1.9 - Kp1.9 - Kp1.9
. v KP1 gPsMet OF i -8~ Kp1.9 (shCtrl) T &~ Kp1.9 (GFP Ctrl)
t120- 3240000 -8 Kp1.9 PSME4 KD 5 400007 @~ Kp1.9 PSME4 OE
£ ——KP1.9Psuesi0 o °
D110 3 30000 3 30000
o o
g g200!1!.') :200!10
%100- ] ]
3 £ 10000 £ 10000
2 0-HFr—T—T—TTTT—— = 3
5 8 1215 1922 26 3033 3740 0+ T T T 1 0+ T T T 1
Days from injection 0 1 2 3 4 1 2 3 4

e
g Lung CD4 of CD45 h LungCD8ofCD45 | Spleen CD4of CD4S | Spleen CDB of CD45
ns ns
ns ns e |
e — ne ®
30 ns T ———— 25 ns os 1B
ns ns ns ns ,_s_l i
ns ns o 20 aalas )
15 % : —na o loe °
220 2 2 . _;E_ 210 LN e
2 2 . s 3" I
Q ™ o 10 8 o .
s t s S0 * 5
‘:' o
0 ; : ; : 0 : - . . 0 . . ; - : : : ;
non-inj KP1.9 PSME4 PSME4 non-inj KP1.9 PSME4 PSME4 non-inj KP1.9 PSME4 PSME4 non-inj KP1.9 PSME4 PSME4
OE KD  OE KD  OE KD OE
k CD8 TIL Status |
Hkkk xEE ®  non-inj 1401 RAG -/- shPSME4
1
x| fexxa ° KP1.9 E
— ., ® PSME4KD 2
100 T 1 T 1 e PSME4 OE "
g ® o £10
8 804 ¥ ﬁ % R g % cr
—
O . 0 20 40 60 80
> 60 ole "1 RAG -I- shCtrl
& 40 ~130
5120
204 g ? 10
° 2
e sdh ~BTF| -
0 T s ‘Tﬁ 5 T ) ¥
naive early activ. EM CM L
o 20 40 60 80
0T WT shPSME4
:130
Zwo
2 10
%‘w
g,
0 20 40 60 80
1407 WT shCtrl
:130
Em
3 10
%‘wo
2w .
o 20 40 e 1 ‘BO
Days since injection

Extended Data Fig. 10 | See next page for caption.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00557-4

Extended Data Fig.10 | PSME4 overexpression in KP1.9 cellsincreases
tumor burdenin animmune-dependent manner. a, Weights of C57/B6 mice
bearing orthotopic wild type (KP1.9; n = 7), PSME4-overexpressing (OE; n=7), or
PSME4-deficient (KD; n = 8) KP1.9 tumors. Weights are normalized to the starting
weight of each mouse. Overexpression shows significantly decreased weight
asaproxy forincreased disease severity (matched 2-way ANOVA *p = 0.0322).

b, Mice bearing PSME4 overexpressing (OE) tumors showed increased tumor
burden compared to the control KP1.9 tumors. ¢, Measurement of the cell
growth of KP1.9, KP1.9 expressing shCtrl or shPSME4 (PSME4 KD) for 3 days
(n=3independent experiments).d, Measurement of the cell growth of KP1.9,
KP1.9 expressing GFP overexpression (GFP Ctrl) or PSME4 overexpression (OE)
for 3 days (n=3independent experiments). e,f, Two representative images

per condition in addition to Fig. 6¢ of H&E staining of lungs from mice bearing
KP1.9, KP1.9PME+OE or KP1.9PME+KD tyumors. g-j, The percentages of the CD45
positive populationin the lung (g and h; n =3 non-inj, 7 KP1.9, 8 KD, 7 OE mice)

orspleen (iandj; n =3 non-inj, 7KP1.9, 8 KD, 5 OE mice) from the mice bearing
KPL9, KP1.9PME+OE or KP1.9PSME+KD tymors or mice not injected (non-inj) with
tumor cells thatare CD4 (g, i) or CD8 (h, j) positive. One way ANOVA with post-
hoc TUKEY analysis was used to compare populations (*P < 0.05; bars indicate
mean +s.d.)). k, The percent of different subsets of CD8-positive lymphocytes
(naive, early activated, effector memory [EM] or central memory [CM], which
are CD62L and/or CD44 positive, in the lung of mice bearing KP1.97ME4E (n = 5),
KP1.9PSME4KD (n = 8) or KP1.9 (n = 6) tumors compared to mice not bearing tumors
(non-inj; n = 2; two-way ANOVA with post-hoc Tukey - P values in Source Data).
The portion of the figure marked in the box is reproduced in Fig. 4g (bars indicate
mean +s.d.).1, The body weight of wild-type orimmunocompromised

RAGI -/- mice injected with KP1.9 lung tumors expressing either siPSME4 or Ctrl
shRNA. The weight of each mouse is normalized to the starting weight at day 1.
‘X’indicates death.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

O0OX O O00000%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Commercial Software: Attune NxT Software V3.1.1243.0, Bio-Rad-Image-Lab-Software-6.1, StepOne Software v2.3, BioTek GenS, 3DHISTECH
CaseViewer 2.4, BD FACSDiva software V8.0.1

Data analysis Data in this study were analyzed by public softwares: MaxQuant vl.6.0.16, FlowJo vl0.7.1, R v3.4.2 GraphPad Prism v7.04, Python v3.7, GSEA
4.0.3, Excel v2020, Image) 1.8.0, UTAP V1.10, Custom code can be found in : https://github.com/merbllab/PSME4_NatCancer

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifiers
PXD019573, PXD028364 and PXD037365. )




The single cell RNA-seq data have been deposited to ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession no. E-MTAB-10745. Bulk
RNAseq data have been deposited to GEO under accession no GSE201460

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Gender was defined based No a self-reported metric

Population characteristics |dentifiers MIDGAM code Collection Month Collection Year Age Gender Histology Pre-Op treatment Smoking PI NSCLC_107 1
2016 64 M Adenocarcinoma No current P2 NSCLC_113 2 2016 53 M adenocarcinoma No current P3 NSCLC_1409 2016 61 M
Adenocarcinoma No current P4 NSCLC_22 11 2014 66 M adenocarcinoma No current P5 NSCLC_30 12 2014 64 M
Adenocarcinoma No current P6 NSCLC_ 40 1 2015 58 M adenocarcinoma No current. Heavy smoker P7 NSCLC_ 44 2 2015 66
M adenocarcinoma No current P8 NSCLC_76 7 2015 54 M adenocarcinoma No current P9 NSCLC_81 8 2015 69 M
Adenocarcinoma No current

Recruitment This was a retrospective study and no participants were recruited specifically for this study.

Ethics oversight 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).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Statistical methods were not used to predetermine sample size. Sample size for each experiment is stated in figure captions and data
For scRNAseq, previous reports have indicated 2 mice per condition are sufficient (Zillionis et al. Immunity 2019) and we used 3 samples in
each group to provide enough data to draw conclusions.
For other in vivo experiments, based on Pfirscke et al. Immunity (2016) and a pilot experiment, we estimated that 6-10 mice per group will
be sufficient to show differences.

Data exclusions  No data was excluded from the analysis with the exception of one sample from the proteasome profiling experiment which did not yield
peptides (technical error and limited starting material) and therefore was not included in the analysis.

Replication 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 degradome analysis nine samples from tumors and adjacent tissue were analyzed, one
was excluded for poor technical quality. The samples were processed independently and analyzed by MS at the same time to maintain
comparability across samples and decrease batch effects. When representative images are shown, at least two independent experiments
were performed with similar results. In vivo and biochemistry experiments were repeated at least three times sucessully. In flow cytometry
experiments, samples were excluded for low cell yield.

Randomization Mice were randomly chosen on cage basis to receive either control or knockdown tumor cells; all mice shared the same age. Rag mice were
injected both types of cells per cage, to match for age. Mouse weight were checked at the beginning and throughout the study. No obvious
weight outliers were present at the start of experiments.

In vivo experiments were not blinded as weight measures are not subject to experimentor bias. Flow cytometry analysis was discussed at least
between 2 experienced flow cytometry users to ensure an unbiased gating. Gates were also not adjusted on a per sample basis but applied to
all samples on an experiment level.

Blinding We did not utilize blinding in our experimental design as those who were involved in data collection were also involved in experimental

design. However, data collection and analysis was not performed manually or in a subjective manner and rigorous statistical analysis was used
to prevented any bias in conclusions.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
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Animals and other organisms
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Antibodies used . Rabbit anti PSME4 Sigma HPA060922 R85463 1:1000 WB, 1:300 IF

. Rabbit anti PSME4 Abcam ab5620 GR303025-15 1:50 IP

. Rabbit anti PSMD11 Abcam ab99414 GR323502-2 1:1000 WB

. Mouse anti proteasome 20s PSMA1-7 subunits Abcam ab22674 GR3284212-6 1:1000 WB
. Rabbit anti PSMB10/MECL1 Abcam ab183506 GR153384-15 1:1000 WB
. Mouse anti B Actin Abcam ab170325 GR3242604-12 1:5000 WB

. Rabbit anti PA28alpha/PSME1 Cell Signaling 9643 1 1:1000 WB, 1:50 IP
. Rabbit anti PSMB8/LMP7 Cell Signaling 13635 1 1:1000 WB

. Rabbit anti PSMB9/LMP2 Abcam ab242061 GR3373421-4 1:1000 WB
10. Rabbit anti PSMB5 Abcam ab3330 GR3373900-1 1: 1000 WB

11. Mouse anti PSMB6 Santa Cruz sc-100455 A3014 1:1000 WB

12. Rabbit anti GAPDH Abcam ab181602 GR3316865 1:5000 WB

13. Rabbit anti Histone H3 LS Bio LS-C353149-100 N/A 1:1000 WB

14. Human HLA-A,B,C-PE Biolegend W6/32 311406 1:20 FC

15. Mouse CD45.2-PerCP/Cy5.5 eBioscience 104 45-0454-82 1:200 FC

16. Mouse CD3e-Super Bright 436 eBioscience 145-2C11 62-0031-82 1:100 FC
17. Mouse CD4-APC/Cy7 Biolegend GK1.5 100414 1:200 FC

18. Mouse CD8a-Super Bright 702 Biolegend 53-6.7 100748 1:200 FC

19. Mouse CD279 (PD-1)-PE eBioscience RPM1-30 12-9981-81 1:100 FC
20. Mouse IFNg-APC eBioscience XMG1.2 17-7311-82 1:160 FC

21. Mouse/human CD44-FITC Biolegend IM7 103005 1:200 FC

22. Mouse CD62L-PE/Cy7 Biolegend MEL-14, 104418 1:6000 FC

23. Mouse FoxP3-Pe eBioscience FJK-16s 12-5773-82 1:200 FC

24. Mouse H-2Db-FITC Biolegend KH95 111505 1:200 FC

25. Mouse H-2kb-PE eBioscience AF6-88.5.5.3 12-5958-82 1:500 FC

26. Mouse anti alpha-6 produced from hybridoma was a kind gift from Keiji Tanaka MAPP, 1:1000 WB
27.1gG1 isotype antibody BioCell BEO083 647018F1 MAPP

28. Goat anti Mouse 488 Invitrogen A11029 VA288487 1:400 IF

29. Goat anti mouse 647 Invitrogen A31571 53313A 1:400 IF

30. Donkey anti Rabbit 647 Abcam ab150075 GR3233351-3 1:400 IF

31. Goat anti mouse HRP Jackson labs 115-035-205 N/A 1:5000 WB

32. Goat anti Rabbit HRP Jackson labs 111-035-003 N/A 1:5000 WB

O 00N U WN P

Validation Validated for multiple commonly used applications such as IHC (Immunohistochemistry), IF (Immunofluorescence), and WB (Western
Blot) by the Human Protein Atlas (HPA) project
2. Validated for WB, ICC/IF as indicated in https://www.abcam.com/products/primary-antibodies/proteasome-activator-
subunit-4psme4-antibody-ab5620.html
3. Validated for WB, IP as indicated in https://www.abcam.com/psmd11-antibody-ab99414.html
4. Validated for FC and ICC/IF as indicated in https://www.abcam.com/proteasome-20s-alpha-123567-antibody-mcp231-
ab22674.html
5. Validated for WB, IHC-P, FC as indicated in https://www.abcam.com/psmb10mecl1-antibody-epr14902-ab183506.html
6. Validated for WB as indicated in https://www.abcam.com/beta-actin-antibody-8f10-g10-ab170325.html
7. Validated for WB, IP as indicated in https://www.cellsignal.com/products/primary-antibodies/pa28a-d1c10-rabbit-mab/9643
8. Validated for WB as indicated in https://www.cellsignal.com/products/primary-antibodies/psmb8-Imp7-d1k7x-rabbit-mab/13635
9. Validated for WB, IP, FC and ICC/IF as indicated in https://www.abcam.com/products/primary-antibodies/proteasome-20s-Imp2-
antibody-epr22042-ab242061.html
10. Validated for WB and ICC/IF as indicated in https://www.abcam.com/products/primary-antibodies/psmb5mb1-antibody-
ab3330.html
11. Validated for WB, IP, IF, IHC and ELISA as indicated in https://www.scbt.com/p/psmb6-antibody-jg-3
12. Validated for WB, IP, FC and ICC/IF as indicated in https://www.abcam.com/products/primary-antibodies/gapdh-antibody-
epr16891-loading-control-ab181602.html
13. Validated for WB, IHC and ICC/IF as indicated in https://www.lshio.com/antibodies/histone-h3-antibody-phospho-ser10-icc-if-
immunofluorescence-ihc-wh-western-ls-c353149/364270
14. Validated for FC as indicated in https://www.biolegend.com/en-us/products/pe-anti-human-hla-a-b-c-antibody-1872
15. Validated for FC as indicated in https://www.thermofisher.com/antibody/product/CD45-2-Antibody-clone-104-
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Monoclonal/45-0454-82

16. Validated for FC as indicated in https://www.thermofisher.com/antibody/product/CD3e-Antibody-clone-145-2C11-
Monoclonal/62-0031-82

17. Validated for FC as indicated in https://www.biolegend.com/en-us/products/apc-cy7-anti-mouse-cd4-antibody-1964

18. Validated for FC as indicated in https://www.biolegend.com/de-de/products/brilliant-violet-711-anti-mouse-cd8a-antibody-7926
19. Validated for FC as indicated in https://www.thermofisher.com/antibody/product/CD279-PD-1-Antibody-clone-RMP1-30-
Monoclonal/12-9981-81

20. Validated for FC as indicated in https://www.thermofisher.com/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-
Monoclonal/17-7311-82

21. Validated for FC as indicated in https://www.biolegend.com/en-us/products/fitc-anti-mouse-human-cd44-antibody-314

22. Validated for FC as indicated in https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-cd62l-antibody-1922

23. Validated for FC as indicated in https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-FJK-16s-
Monoclonal/12-5773-82

24. Validated for FC as indicated in https://www.biolegend.com/en-us/products/fitc-anti-mouse-h-2d-b-antibody-325

25. Validated for FC as indicated in https://www.thermofisher.com/antibody/product/MHC-Class-I-H-2Kb-Antibody-clone-
AF6-88-5-5-3-Monoclonal/12-5958-82

26. Validated for IP as reported by Stanhill et al. (2006) and Berko et al. (2014)

27. Non-reactive isotype-matched control for mouse 1gG1 antibodies in most in vivo and in vitro applications as indicated in https://
bioxcell.com/invivomab-mouse-iggl-isotype-control-unknown-specificity-be0083

28. Validated for ICC/IF, IHC and FC as indicated in https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_secondary&productld=A-11029&version=292

29. Validated for ICC/IF, IHC, ELISA and FC as indicated in https://www.abcam.com/products/secondary-antibodies/donkey-rabbit-
igg-hl-alexa-fluor-647-ab150075.html

30. Validated for WB, ELISA and IHC as indicated in https://www.jacksonimmuno.com/catalog/products/115-035-205

31. Validated for WB, ELISA and IHC as indicated in https://www.jacksonimmuno.com/catalog/products/111-035-003
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) A549 (ATCC CCL-185), KP1.9 (Kind gift of A. Zippelius), H460 (ATCC HTB-177).
Authentication None of the cell lines used have been authenticated.
Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Male C57BI/6 mice (Envigo, Israel) and RAG1 -/- (Jackson Laboratory) at the age of 8-10 weeks.Mice are house in individually
ventilated cages, with up to 5 animals per cage, at 12 hours dark/12 hours light cycle, with an average room temperature of 21 C and
humidity around 50%.

Wild animals The study did not involve wild animals

Reporting on sex only male mice were used in our in vivo studies, as the KP1.9 cells were initially isolated from a male C57BL/6 KrasLSL-G12D/
WT;p53Flox/Flox mouse. Female mice rejected engraftment. However, the reprospective analysis on the human clinical cohort
contained samples from males and females.

Field-collected samples  The study did not involve field collected samples

Ethics oversight Animal experiments were conducted according to approved protocols by the Institutional Animal Care and Use Committee (IACUC) of
the Weizmann Institute of Science (#04400520-2, #04990620-1). As tumors were in the lung and not subcutaneous, tumor burden
was monitored through proxies of weight loss and breathing. Early withdrawal criteria for mice experiments were either weight loss
of more than 20% body weight or laborious/heavy breathing due to lung tumor expansion. Mice were removed from the study by
reaching either criterion.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

X, A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Peripheral blood was washed and red blood cells removed by ACK lysis buffer (150 mM NH4CI, 10 mM KHC03, 0.1 mM EDTA
in O.Ix 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 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.

scRNA Seq: C57BI/6) mice were injected with KP1.9 shCtrl or shPSME4 cells (0.25x1076 cells, i.v.). After 21 days, lungs were
perfused manually with 3 mL cold PBS w/o Mg/Ca through the right ventricle of the heart and harvested (4x shCtrl, 4x
shPSME4) into cold PBS. The lung tissue was cut into pieces and processed using a GentleMACS Octo Dissociator (program
37C_m_LDK_1, Miltenyi Biotec) with the mouse lung dissociation kit (130-095-927, Miltenyi Biotec) according to the
manufacturer’s protocol. After the run, cells were strained through a 70 um mesh and washed with FACS buffer (0.5% BSA, 2
mM EDTA in PBS without Mg/Ca). Red blood cells were lysed with ACK buffer for 4 minutes, the reaction stopped by addition
of cold FACS buffer. Finally, cells were resuspended in FACS buffer with FC block (anti-CD16/CD32, 1:500, Biolegend 101330)
and incubated for 5 minutes. Lung cells from shCtrl or shPSME4 were stained with four differently labeled CD45 antibodies
(APC, Pe/C7, FITC, violetFluor 450) for 30 minutes at 4C. Cells were washed with FACS buffer twice, and the shCtrl or
shPSME4 samples unified for parallel sorting of the four lung populations. Propidium iodide was added fresh (1 ug/mL) to
exclude dead cells, and cells were sorted on BD FACSAria lll and BD SORP FACSAria Il sorters running on BD FACSDiva
software (V8.0.1) using a 85 um nozzle.

Attune Nxt with Autosampler, BD FACSAria Ill and BD SORP FACSAria Il sorters

FlowJo (VI0.7.1, Becton, Dickinson and Company), BD FACSDiva software (V8.0.1)

In the scRNA sorting around 40% of the unified sample were Cd45.2 positive and sorted to separate populations. No further
post-sort examination was performed.

Gating strategy: scRNA Seq sort: Cells were gated for single cells by FSC-W vs FSC-H, live as negative for Propidium iodide,
and then positive for CD45.2 by one of the 4 colors. A gating strategy is provided in the supplementary materials.

X, Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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