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Immunoproteasome deficiency is a feature of non-small
cell lung cancer with a mesenchymal phenotype and is
associated with a poor outcome
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and Jean Paul Thiery)

The immunoproteasome plays a key role in generation of HLA
peptides for T cell-mediated immunity. Integrative genomic and
proteomic analysis of non-small cell lung carcinoma (NSCLC) cell
lines revealed significantly reduced expression of immunoprotea-
some components and their regulators associated with epithelial
to mesenchymal transition. Low expression of immunoproteasome
subunits in early stage NSCLC patients was associated with recur-
rence and metastasis. Depleted repertoire of HLA class I-bound
peptides in mesenchymal cells deficient in immunoproteasome
components was restored with either IFNy or 5-aza-2'-deoxycytidine
(5-aza-dC) treatment. Our findings point to a mechanism of im-
mune evasion of cells with a mesenchymal phenotype and suggest
a strategy to overcome immune evasion through induction of the
immunoproteasome to increase the cellular repertoire of HLA class
I-bound peptides.

immunoproteasome | NSCLC | EMT | immunotherapy

Proteasomes are multisubunit complexes that degrade intra-
cellular proteins through the ubiquitin—proteasome pathway
(1). The three catalytic p subunits p1, 2, and p5 in the proteasome
complex are replaced by proteasome (prosome, macropain) subunit
B9 (PSMBY)/p1i, PSMB10/p2i, and PSMB8/f5i, respectively, to
form the immunoproteasome (2). The immunoproteasome gener-
ates peptides suitable for binding onto HLA I molecules, facilitating
antigen presentation for CD8" T-cell responses. Lack of expression
or down-regulation of the immunoproteasome may contribute to
immune evasion through antigen loss (3).

The impact of immunoproteasome expression on antigen pre-
sentation in tumors of epithelial origin is not well established. We
have investigated the constitutive and induced expression patterns
of immunoproteasome subunits in non-small cell lung carcinoma
(NSCLC) and their impact on antigen presentation. We provide
evidence for dysregulated expression of immunoproteasome sub-
units in NSCLC cells with a mesenchymal phenotype, associated
with a markedly reduced repertoire of HLA-bound peptides.
Reduced expression of immunoproteasome subunits in NSCLC
was also associated with reduced disease free survival.

Results

NSCLC Subgroups Can Be Defined Based on Their Inmunoproteasome
Gene Expression. Expression levels of 49 genes representing pro-
teasome and immunoproteasome subunits across 42 NSCLC cell
lines encompassing the heterogeneity of known driver mutations
(SI Appendix, Section 1) were derived from global gene ex-
pression profiles (4, 5) [Gene Expression Omnibus (GEO) ac-
cession no. GSE32863] and subjected to unsupervised clustering
analysis. Two prominent statistically significant clusters were
observed on the basis of high and low expression of immuno-

Www.pnas.org/cgi/doi/10,1073/pnas. 1521812113

proteasome specific subunits (Fig. 1 A4 and B). No significant
differences were observed for proteasome subunits between
these two groups. We also observed a significantly reduced ex-
pression of the immunoproteasome regulators IRFI and STATI in
the immunoproteasome low versus high cell lines (Fig. 1C). EGFR-
mutated cell lines showed significantly higher expression of PSMB8
and PSMB9 compared with cell lines wild type for EGFR and
KRAS mutations (Fig. 1D). No significant association was observed
between KRAS mutation and expression of the immunoprotea-
some subunits. Ingenuity Pathway Analysis (IPA) (Qiagen; http://
www.ingenuity.com) using differential gene expression revealed
concordant down-regulation of several pathways, including antigen
presentation and cell adhesion, with up-regulation of proliferation,
metastasis, and mesenchymal lineage pathways (Dataset S1).
Analysis of a dataset for EGFR inhibitor-sensitive and -resistant
clones of the lung cancer cell line PC9 (GSE34228) revealed a
significant reduction in immunoproteasome expression with the
acquisition of EGFR-inhibitor resistance (SI Appendix, Fig. S1) (6).

Immunoproteasome-Low Cell Lines Exhibit a Mesenchymal Phenotype. In
cell culture, immunoproteasome-low cell lines, as determined by gene

Significance

The success rate of therapeutic trials that target tumor antigens is
quite limited. We demonstrate for the first time to our knowl-
edge that lung cancer cells that have undergone epithelial-
to-mesenchymal transition lose immunoproteasome expression,
resulting in markedly reduced antigen presentation. Reduced ex-
pression of the immunoproteasome was associated with and can
predict poor outcome in non-small cell lung carcinoma (NSCLC)
patients. Induction of the immunoproteasome with IFNy or 5-aza-
2'-deoxycytidine (5-aza-dC) treatment can overcome this immune
escape mechanism of mesenchymal cells by restoring functional
HLA class I-bound peptides. These findings have substantial rele-
vance for development of effective strategies to target tumor cells
with inherent resistance to T cell-mediated immunotherapy.
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Fig. 1. Proteasome gene expression in lung adenocarcinoma cell lines. (A) Heat map plot for proteasome subunits expression among all NSCLC cell lines
revealed two clusters with differential gene expression of immunoproteasome subunits. Wild-type, EGFR mutant, Kras mutant, BRAF mutant, and EML-ALK4
mutant cell lines are denoted with black, blue, red, green, and gray labels, respectively. The EMT status of the cell line is indicated by green, light blue, and
salmon bars. (B and C) Significant difference in gene expression of PSMB8, PSMB9, and PSMB10 (B) and IRF1 and STATT (C) among the cell lines in two clusters.
(D) EGFR mutants have significantly increased expression of immunoproteasome subunits compared with wild-type cell lines.

expression analysis, exhibited a spindle-shaped mesenchymal-like
morphology, whereas immunoproteasome-high lines had a rounded
epithelium-like morphology (SI Appendix, Fig. S2). We thus hy-
pothesized that differential expression of the immunoproteasome
was associated with the epithelial-to-mesenchymal (EMT) status of
the cell lines. We used quantitative proteome profiling for both
total cell extract (TCE) and the cell surface compartment of rep-
resentative cell lines from the immunoproteasome-high (DFCI032,
HCC2935, H820) and -low (DFCI024, H1299, H838) groups using
nanoscale liquid chromatography - tandem mass spectrometry
(nano-LC-MS/MY). Differential expression was observed for 655
and 605 proteins on the surface and TCE between the two groups,
respectively (Dataset S2). Among these proteins, 366 were up-

E1556 | www.pnas.org/cgi/doi/10.1073/pnas.1521812113

regulated on the surface of immunoproteasome-low cell lines,
including N-cadherin (CDH2) and vimentin (P = 0.04 and P =
0.02, respectively; ¢ test). HLA class I molecules, cell adhesion-
related proteins, and other cell adhesion molecules such as E-
cadherin (CDH1), a-catenin, and p-catenin were significantly
down-regulated (P < 0.01, P = 0.03, and P < 0.01, respectively;
t test). These changes were concordant with gene expression
analysis (Datasets S1 and S2). In TCE, 318 proteins were up-
regulated in the immunoproteasome-low cell lines, including the
aldo-keto reductase family, vimentin, and heat shock proteins,
providing additional support for a mesenchymal-like pheno-
type. Significantly reduced protein expression of PSMBS (P = 0.027),
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PSMB9 (P = 0.005), and PSMBI10 (P = 0.047) was also concordant
with gene expression findings.

In vitro, wound repair, transwell invasion, and immunoblot-
ting analysis of the EMT markers CDH1 and vimentin revealed
increased cell migration, invasion, and reduced immunoprotea-
some expression, respectively (Fig. 2 A-C), in immunoprotea-
some-low cell lines, further confirming a mesenchymal phenotype.

TGEF stimulation of epithelium-like immunoproteasome-high
cell lines (DFCI032, HCC2935, HCC4017, and H820) resulted in
markedly decreased expression of the immunoproteasome subunits.
Acquisition of a spindle-like morphology with increased level of
vimentin and reduced CDHI expression confirmed TGFp-induced
EMT (Fig. 2 D and E). Analysis of publicly available data in the
GEO database for time-dependent global gene expression during
TGFp-induced EMT yielded concurrent findings of immunoprotea-
some down-regulation in the lung (GSE17708) and pancreatic ade-
nocarcinoma cell lines (GSE23952). These results ascertained that
reduced expression of immunoproteasome is a consequence of EMT.

Immunoproteasome Deficiency Is Associated with Poor Prognosis in
NSCLC. To examine the association of immunoproteasome ex-
pression with lung cancer histology and prognosis, we performed
immunohistochemistry for PSMBS using a tissue microarray of
218 surgically resected NSCLC tumor specimens (152 adenocarci-
nomas and 66 squamous cell carcinomas). We detected high PSMBS
expression in the epithelial cells of 96/186 (51.6%) tumor tissues,
including 66/115 (57.4%) lung adenocarcinomas and 16/41 (39%)
squamous carcinomas without neoadjuvant therapy (Fig. 3 4 and B).
Interestingly, high lymphocytic infiltration was observed in many
tumors in which PSMB8 expression was below detection levels.
PSMBS expression was also significantly associated with early-stage
NSCLC (P < 0.05). We also observed a significant positive associ-
ation between EGFR mutation and PSMBS8 expression (P < 0.05).
No significant association was observed between immunoprotea-
some subunit expression and sex, age, or smoking status of patients.

Kaplan—-Meier survival analysis of patients treated with sur-
gery alone yielded significantly reduced disease-free survival
among patients whose tumors had low PSMBS expression com-
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pared with patients with tumors expressing PSMB8 (P = 0.004;
Fig. 3C). PSMBS levels also emerged as an independent signifi-
cant prognostic factor for disease-free survival [P = 0.005; hazard
ratio (HR): 2.5; 95% confidence interval (CI): 1.3-5.0] using Cox
multivariate regression analysis after forward stepwise selection of
clinicopathological variables (Table 1).

Immunohistochemical (IHC) staining for CDH1 and CDH2
on NSCLC tissue microarrays used for PSMBS validated that
tumors with low PSMBS expression are often of a mesenchymal
or intermediate EMT phenotype. In 74 tumors lacking PSMB8
expression, 34 (45.9%) had detectable levels of the mesenchymal
marker CDH2 and/or reduced expression of CDH1 (Fig. 34; P <
0.001; Spearman’s p = —0.460), whereas only 5/82 (6.1%)
NSCLC tumors positive for PSMBS expressed detectable levels
of CDH2 protein. We further assessed the prognostic value of
low PSMBS expression in NSCLC using the online tool kmplot.
com (7). In concordance with IHC findings, Kaplan-Meier sur-
vival analysis of data for 1,926 lung cancer patients from 10
datasets revealed decreased survival for patients in the lowest
quartile compared with the other three quartiles of PSMBS8 gene
expression (P < 0.001; Fig. 3D). Among 982 patients with recorded
clinical progression data, time to progression was also signifi-
cantly reduced for patients in the lowest quartile of PSMBS§ ex-
pression (P = 0.0013; Fig. 3E). NSCLC patients with early-stage
and low PSMBS expression also exhibited poor survival rates
(P = 0.006; SI Appendix, Fig. S34), and PSMBS expression emerged
as a significant prognostic factor (P = 0.0214; HR: 0.4; 95% CI:
0.19-0.87) in early-stage NSCLC patients using Cox multivariate
regression analysis (SI Appendix, Fig. S3B).

We also examined mRNA expression profiles of immunopro-
teasome specific subunits in publicly available datasets for NSCLC
tissues. A significantly reduced expression of PSMBS (P = 0.009),
PSMB9 (P = 0.004), HLA-A (P = 0.008), HLA-B (P = 0.035), and
HLA-C (P = 0.028) was observed in primary lung tumors that
recurred after initial therapy compared with primary tumors that
did not recur (GSE32863; SI Appendix, Fig. S3 C and D). Analysis
of a dataset (GSE2109) containing metastatic and primary lung
adenocarcinomas revealed a significantly reduced expression of

HCC4017 HCC2935

Fig. 2. Characterization of NSCLC cell lines with dif-
ferential immunoproteasome expression. (A) Western
blot analysis for EMT markers (CDH1, VIM) and immu-
noproteasome subunits (PSMB8, PSMB9) in repre-
sentative NSCLC cell lines. (B and C) Cells with low
immunoproteasome expression were highly invasive
(B) and had high migration ability and increased
motility (C) compared with cells with high expres-
sion of immunoproteasome subunits. (D) Spindle-like
morphology was observed in epithelial cell lines treated
continuously with TGFp (10 ng/mL) for 1 wk. (Scale bar,
40 pm.) (E) TGFp treatment induces VIM and decreased
CDH1, PSMB8, and PSMB9 expression in epithelial cell
lines. Graphs represent comparison of protein level
quantification on Western blot after normalization to
total protein (n = 3; biological replicates). Results are
shown as +SEM. See also S/ Appendix, Fig. S2.
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Fig. 3. Tissue microarray analysis. (A) IHC analysis of PSMB8 (i, v, and ix), CDH1 (i, vi, and x), and CDH2 (iii, vii, and xi) in NSCLC tumors revealed lack of PSMB8
expression in cancer cells with low CDH1 and/or increased CDH2 expression. Photomicrographs i-iii, v—vii, and ix—xi represent sections from the same tumor
tissues representing epithelial, intermediate, and mesenchymal phenotype as per CDH1 and CDH2 expression status. NSCLC tumor tissue (iv) exhibited no
expression of PSMB8 in epithelial cells, although a high level of PSMB8 positive lymphocytic infiltration was observed. Cell lines HCC2935 (viii) and H1299 (xii)
served as positive and negative controls, respectively. (Scale bar, 200 pm.) (B) Correlation analysis of PSMB8 expression with other clinicopathological features
using x° tests. (C) Kaplan-Meier analysis for recurrence-free survival in NSCLC. Median recurrence-free survival was 7.5 y in patients immunopositive for PSMB8
compared with 4.6 y in the patients lacking PSMB8 expression. (D) Kaplan-Meier survival curves of patients with the lowest quartile of PSMBS8 expression (black
line) showed worse survival compared with those in the other three higher quartiles (red line). (E) Patients with the lowest quartile of PSMB8 expression (black
line) had a fast clinical progression rate compared with those in the other three quartiles (red line). See also S/ Appendix, Figs. S1 and S3.

PSMBS (P = 0.001), PSMB9 (P < 0.002), HLA-A (P = 0.042),
HLA-B (P = 0.017), and HLA-C (P = 0.007) in metastatic com-
pared with primary tumors (SI Appendix, Fig. S3 E and F).

Immunoproteasome Expression Is Regulated by the mTOR/STAT3 and
MicroRNA-200 Axis. STAT3, a downstream molecule in the mTOR
pathway, plays an opposing role to its family member STAT1, a
key regulator of immunoproteasome subunits (8). We therefore
examined protein expression of these genes between cell lines
with epithelial and mesenchymal features. An increase in mTOR
and pSTAT3 and a reduction in STAT1 expression were ob-
served in mesenchymal compared with epithelial cells (Fig. 44).
We constructed a mathematical model based on experimentally
known links between STAT1 and STAT3 (SI Appendix, Section 2).
STAT1 and STAT3 mutually inhibit the activation of each other,
and promote their own activation, whereas microRNA-200
(miR-200) inhibits STAT3 activation indirectly by inhibiting
TGFp (Fig. 4B). A typical bifurcation diagram depicts the tran-
sition between the different states of STAT1/STATS3 loop as a
function of miR-200 (Fig. 4C). Our analysis reveals that this

E1558 | www.pnas.org/cgi/doi/10.1073/pnas.1521812113

double-negative feedback loop between STAT1 and STAT3 can
have three steady states that may be linked to EMT and impact
immunoproteasome expression. This finding is consistent with
our experimental results whereby we observed that mesenchymal
cells (low miR-200) usually have high STAT3 expression, whereas
epithelial cells (medium to high miR-200) can have concomitant
intermediate expression of both STAT1 and STAT3 (Fig. 4D).

The correlation of STAT3 and STAT1 to components of the
immunoproteasome was confirmed in the TCGA lung gene ex-
pression dataset (http://cancergenome.nih.gov). In a dataset of 423
tumor specimens, PSMBS8 expression was positively correlated
with STATI expression, with a Spearman’s p = 0.55, and loosely
anticorrelated with STAT3 expression, with a Spearman’s p = —0.27.
PSMBS, -9, -10, and IRF1 were all significantly elevated in tu-
mors in the highest vs. lowest quintile of STATI expression and
repressed in tumors with the highest vs. lowest quintile of STAT3
expression (SI Appendix, Table S1).

STAT3 can induce DNA methyltransferases (9, 10) and reg-
ulate methylation of many genes. Hence, we also analyzed DNA
methylation data for PSMBS, PSMB9, and IRFI in the TCGA
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Table 1. Univariate and multivariate analyses of disease-free
survival of NSCLC patients

Univariate Multivariate*
Variable HR (95% ClI) P HR (95% CI) P
Sex (male vs. female) 1.48 (0.76-2.86) 0.23 — 0.42
Age (<64 vs. >64y)  1.74 (0.90-3.38) 0.11 — 0.49
Stage (early vs. late) 2.57 (0.92-7.16) 0.01 — 0.07
Smoking status 0.98 (0.34-2.80) 0.98 — 0.86
(yes or no)
Mutational status 0.50 (0.25-1.01) 0.09 — 0.42

PSMBS (high vs. low) 0.38 (0.19-0.77) 0.003 2.58 (1.33-5.00) 0.005

Cox proportional hazards models were used for multivariate analysis. All
statistical tests were two-sided. *Variables included in the equation after
forward-selection logistic regression. Bold rows indicate significant rows by
P < 0.05. Dashes indicate components of the multivariate model where no
HR was delivered for nonsignificant changes.

dataset. We identified hypermethylation at multiple enhancer
CpG sites, associated with a significant inverse correlation with
the expression of the corresponding genes (Fig. 4E and SI Ap-
pendix, Table S2). To assess the contribution of methylation to
immunoproteasome expression, we treated mesenchymal cell
lines (H1299, H838, and DFCI024) with 2 uM of the demethylating
agent 5-aza-2’-deoxycytidine (5-aza-dC) for 5 d, which resulted in a
significant increase (P < 0.001) in mRNA and protein expression of
immunoproteasome subunits (Fig. 4 F and G). Pyrosequencing
methylation analysis of promoter and enhancer regions revealed
that only enhancer binding sites are highly methylated in mesen-
chymal cell lines compared with epithelial lines. Methylation was
decreased up to 40% in 5-aza-dC treated cell lines compared with
the controls (SI Appendix, Fig. S3 A and B and Dataset S3),
suggesting epigenetic regulation of the immunoproteasome. In-
duction of pSTAT1 in mesenchymal cell lines with an mTOR
inhibitor (rapamycin, 100 ng/mL) treatment for 5 d also resulted
in induction of immunoproteasome subunits (Fig. 5H), thus
supporting the dual input of STAT3 and STAT1 in regulation of
immunoproteasome expression.

HLA Class I-Bound Peptide Repertoire Is Dynamic and Represents the
Epithelial vs. Mesenchymal State. We next examined whether reduced
immunoproteasome expression led to fewer peptides presented on
HLA class I molecules. HLA class I-bound peptides were eluted
by mild acid elution from epithelial (DFCI032 and HCC2935) and
mesenchymal (DFCI024 and H1299) cell lines and analyzed by
nano-LC-MS/MS. We used SYFPEITHI (http://www.syfpeithi.de)
and the Immune Epitope Database (http://www.iedb.org) to pre-
dict whether these identified peptides could be efficiently bound
by HLA class I molecules and which subtype of receptor was
bound (Dataset S4). A total of 415 and 400 HLA class I-bound
peptides (8- to 11-aa residues) were identified from epithelial cell
lines DFCI032 and HCC2935, representing 246 and 247 proteins,
respectively. The mesenchymal cell lines H1299 and DFCI024
displayed a marked reduction in the diversity of peptides, with 60
and 98 HLA class I-bound peptides, representing 48 and 84 pro-
teins, respectively. Although the repertoire of HLA class I-bound
peptides reflected protein composition of the cell populations
investigated, there was substantial variability in protein compo-
sition between epithelial and mesenchymal cell lines, suggesting
that immunoproteasome expression results in processing and
presentation of unique peptides molded by cellular metabolic
activity (Fig. 5C).

IFNy Induces the Inmunoproteasome and Restores the Inmunopeptidome

Repertoire in Mesenchymal Cells. [FNy treatment of mesenchymal cell
lines for 24 h restored immunoproteasome subunit expression at a
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dose as low as 20 ng/mL (Fig. 54 and SI Appendix, Fig. S54). En-
hanced HLA class I expression following IFNy treatment was also
evident by flow cytometry (Fig. 3B and SI Appendix, Fig. S5B). IFNy
treatment of H1299 cells revealed greater than threefold increase in
the number of HLA class I-bound peptides (n = 190) derived from
126 source proteins (Dataset S5). In DFCI024, a total of 199 HLA
class I-bound peptides derived from 139 source proteins were iden-
tified with IFNy treatment, compared with 98 peptides derived from
84 source proteins in untreated cells (Dataset S5). The relative
abundance of individual peptides based on MS intensity was also
increased in IFNy-treated compared with nontreated cells (Dataset
S6), suggesting that induction of the immunoproteasome has a
substantial impact on both the abundance and diversity of HLA
class I-bound peptides. The repertoire of proteins from which HLA
class I-bound peptides were derived following IFNy treatment of
mesenchymal cells was largely distinct from epithelial cell lines,
demonstrating the role of the immunoproteasome on processing and
presentation of unique peptides that reflect differences in protein
composition between cell types (Fig. 5 D and E).

Proteins Related to HLA Class I-Bound Peptides Induce Humoral Immunity
and Are Overexpressed in NSCLC Patients. Some tumor-associated
antigenic (TAA) peptides, when expressed in neoplastic cells, elicit
both cell- and humoral-immune responses (11). We hypothesized
that HLA-bound peptides identified by mass spectrometry were
also derived from aberrantly expressed or processed proteins that
displayed immunogenic properties reflected in the induction of
autoantibodies. Arrays spotted with 9,400 recombinant pro-
teins were hybridized each with prediagnostic plasmas from 25
newly diagnosed NSCLC cases and an equal number of controls
matched for age and date of blood collection. A total of 158 and
162 arrayed recombinants were represented as HLA class I-bound
peptides in analysis of DFCI032 and HCC2935 cells, respectively.
Remarkably, 116/158 and 128/162 proteins from DFCI032 and
HCC2935 cells, respectively, were found to be associated with
autoantibodies among NSCLC subjects (Dataset S7). Autoanti-
bodies were also identified against 72/91 and 78/106 protein
sources of HLA class I-bound peptides presented on the surface of
IFNy-treated H1299 and DFCI024 cells, respectively (Dataset S7).
Humoral immunity was observed against a subset of 13 proteins
(case vs. control, P < 0.05; Wilcoxon rank-sum test) that had cor-
responding HLA-bound peptides in common between the two ep-
ithelial cell lines and IFNy-treated mesenchymal cell lines (S
Appendix, Table S3).

TAA peptides are often aberrantly expressed in cancer com-
pared with normal tissues. We evaluated NSCLC tumors in the
TCGA dataset for expression of genes encoding HLA class I-bound
peptides. Genes encoding proteins for which HLA class I-bound
peptides were identified in NSCLC cell lines generally exhibited
significantly increased expression levels in tumor tissues compared
with adjacent nontumor tissue, including 12 of 17 genes that were
found in common between epithelial and IFNy-treated mesen-
chymal cell lines (S Appendix, Table S4). Based on the BioGPS
dataset, most of these genes were expressed at low levels in
normal tissues (12). HLA class I-bound peptides for two cancer
testis antigens, acrosin binding protein (ACRBP, or OY-Tes-1)
and catenin alpha-2 (CTNNAZ2, or CT 114) were also detected in
the epithelial lines.

HLA Class I-Bound Peptides Are Recognized by CD8" T Cells, Resulting
in Cell Killing. Epithelial cell lines DFCI032 and HCC2935 express
HLAA*02:01 (SI Appendix, Section 3), which occurs in ~50% of
Caucasians. HLA class I-bound peptides identified in both cell
lines were tested for HLA-A*02:01-binding properties using
the publicly available algorithm, HLArestrictor (13). Mesen-
chymal cell lines tested negative for HLA-A*02. HLA-A*24:02,
encoded by H1299 and DFCI024, was selected for analysis, be-
cause of its high global frequency. Peptides from mesenchymal
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Fig. 4. Regulatory control of immunoproteasome proteins. (A) STAT1 and mTOR
change in STAT3 levels. (B) Regulatory network for STAT1-STAT3: active forms STAT
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are highly expressed in epithelial and mesenchymal cell lines, respectively, with no
1* and STAT3* mutually inhibit each other’s activation and promote self-activation.

miR-200 inhibits activation of STAT3. (C) Bifurcation of STAT3* levels driven by miR-200. For low values of miR-200, only one state exists: STAT3* high levels (orange
dotted rectangle). For high values of miR-200, either of two states can exist: STAT3* medium (and STAT1* medium) or STAT3* low (and STAT1* high) (green dotted
rectangle). Solid blue lines indicate stable fixed points, whereas red dotted lines indicate unstable fixed points. (D) Nullclines and states corresponding to the network in
B. The STAT1*-STAT3* network is tri-stable, with three states denoted by (0,1), (1,0), and (1/2,1/2). Green solid squares and hollow circles denote stable and unstable
fixed points, respectively. (E) Gene expression and methylation data obtained from the TCGA lung dataset revealed an inverse correlation for PSMB8, PSMB9, and IRF1.
(F and G) Quantitative RT-PCR (F) and immunoblot (G) analyses indicate induction of PSMB8 and PSMB9 following 5-aza-dC (2 M) treatment for 5 d in mesenchymal

cells (**P < 0.01, ***P < 0.001; t test). pSTAT1 expression was induced with decrea:

se in DNMT1 and no remarkable change in pSTAT3 protein levels after treatment.

(H) Rapamycin (100 ng/mL) treatment for 5 d induced immunoproteasome subunit expression via pSTAT1 in mesenchymal cells. Graphs represent protein level quan-
tification on Western blot after normalization to total protein (n = 2; biological replicates). Results are shown as +SEM. See also S/ Appendix, Section 2 and Fig. S4.

cells were categorized based on their occurrence as follows:
peptides identified only after exposure to IFNy (+IFNy), pep-
tides expressed only in cells without IFNy (—IFNy), or peptides
common in cells with and without IFNy treatment (+IFNy).
Peptides from epithelial and mesenchymal cell lines predicted

E1560 | www.pnas.org/cgi/doi/10.1073/pnas.1521812113

by HLArestrictor to bind with <500 nM ICsy nM to HLA-A*02
or HLAA*24, respectively, were selected for further analysis

(SI Appendix, Table S5).
To determine whether the identified HLA I-bound peptides
could be recognized by T cells, we used the established peptide-T2
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binding assay (14). We performed peptide titration and confirmed
peptide binding to HLA-A*02:01, with the HLA-A*02-binding
nonamer PR1 (VLQELNVTYV) serving as a positive control (15)
(Fig. 6A4). Peripheral blood mononuclear cells matched for HLA
were stained with tetramers to detect circulating peptide-specific
CD8* cytotoxic T lymphocytes (CTLs) (Fig. 6B). The functionality
of CTLs was assessed with cell-mediated cytotoxicity assays
after expanding T cells ex vivo with peptide-pulsed antigen-
representing cells (APCs) (Fig. 6 C and D). Target cells pulsed
with an irrelevant peptide generated from HIV were used as neg-
ative controls. Of the HLA-A2-specific peptides found on epithe-
lial cell lines, VVLDDKDYFL, derived from heat shock protein,
mitochondrial (HSPE1), displayed the highest binding affinity to
HLA-A2 (Fig. 64) as well as the highest CTL-mediated specific
killing of a peptide-pulsed target lymphoblastic cell line (LCL) (Fig.
6C). Three other HLA-A2-specific peptides, FMILPVGAANF,
PILYRPVAVAL, and FTADHPFLF, derived from a-enolase
(ENO1), pyruvate kinase (PKM), and leukocyte elastase inhibitor
(SERPINB1), respectively, also stimulated CTL-mediated killing
at various effector:target ratios.

Peptides found only after IFNy induction of the immunopro-
teasome in mesenchymal cells and with predicted HLA-A24—
binding properties also induced peptide-specific cytotoxicity
against a pulsed LCL at all effector:target ratios examined (Fig.
6D, blue). Epitopes of those two peptides, KFIDTTSKF and
IFILPSAF, are contained within the 60S ribosomal protein L3
(RPL3) and the sodium-coupled neutral amino acid transporter
2 (SLC38A2), respectively. Peptide-specific cytotoxicity was
also only observed against NFLLQQNFDED, derived from UV
excision repair protein RAD23 homolog B (RAD23B), pre-
sented by mesenchymal cells +IFNy (Fig. 6D, red). In contrast,
peptide-specific cytotoxicity was significantly reduced for pep-
tides from untreated mesenchymal cells (Fig. 6D, green).
However, some limited cytotoxicity was observed at lower ef-
fector:target ratios against AANFLLQQNF, an epitope with
sequence overlap with the peptide NFLLOQQNFDED from
mesenchymal cells +IFNy.

To elucidate whether CTLs expanded against immunogenic
peptides identified following IFNy treatment could result in lung
cancer cell killing, CTLs were expanded in vitro against an HLA-
A24-bound peptide derived from RPL3, identified in mesen-
chymal cells +IFNy. When challenged against H1299 +1FNy, a
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significantly increased cell lysis was observed (Fig. 6E). Similar
findings were obtained with a peptide derived from RAD23B,
observed in mesenchymal cells +IFNy (Fig. 6F). These obser-
vations indicate that circulating CTLs are capable of recognizing
and eliminating lung cancer cells presenting endogenous peptides
identified in our study.

Discussion

T cell-mediated immune tumor suppression is a complex process
with numerous requirements (16, 17). One such requirement is
antigen processing by the immunoproteasome and presentation
through HLA class I surface molecules expressed on tumor cells.
In nonmalignant cells, protein processing through the immuno-
proteasome is a feature of adaptive immune response induced by
inflammatory cytokines (18, 19). Recently, up-regulated expres-
sion of immunoproteasome subunits in solid tumors has been
reported, with preserved basal level in normal epithelium. This
finding is notable because the immunoproteasome was pre-
viously thought to be constitutively expressed only in dendritic
cells, macrophages, or activated lymphocytes (20, 21). We ob-
served substantial heterogeneity in mRNA and protein expres-
sion of immunoproteasome-related genes among NSCLC cell
lines. Interestingly, epithelial cell lines displayed constitutive
expression of the immunoproteasome, which may be attributed
to signaling through the EGFR, IL6, or PDGF pathways (22).
These signaling pathways are known to enhance STAT1 levels,
which in turn can regulate IFN related genes. Reduced expres-
sion of immunoproteasome subunits was observed in mesen-
chymal cell lines compared with their epithelial counterparts at
the RNA and protein levels. We found that EMT induction in
epithelial cell lines resulted in a markedly decreased expression
of immunoproteasome subunits. TGFp-induced EMT was also
associated with a significant decrease in immunoproteasome ex-
pression. Given the association between EMT and immune eva-
sion and poor outcome and metastasis (23, 24), we hypothesized
that suppression of the immunoproteasome in mesenchymal cells
is a mechanism of escape from immune surveillance. IHC analysis
of PSMBS8 and known EMT markers on tissue microarrays also
supported a significant association between low immunoprotea-
some expression and a mesenchymal or intermediate EMT phe-
notype in NSCLC patients. Tumors possessing intermediate EMT
phenotypes maintain plasticity between an epithelial and mesenchymal
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Endogenous peptides are recognized by CTLs. (A) HLA class I-bound peptides from epithelial cells display A2-binding characteristics. T2 cells were used

to detect surface HLA-A2 molecules stabilized by peptides at the indicated dose. (B) Frequency of endogenous CTLs from five different A2* donors specific for
representative FMILPVGAANF/HLA-A2 complexes were detected by MHC class | tetramer staining. CTLs lacking tetramer staining (FMO) served as a negative
control. (C and D) CTLs expanded against the indicated peptides displayed by HLA-A2* epithelial (C) and mesenchymal (D) NSCLC cell lines are functional
and lyse peptide-pulsed target cells (LCL) (HLA-A2", -A24™). ***P < 0.001; **P < 0.01. Bars represent mean specific lysis + SD from three technical replicates at
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(F). Two-way ANOVA test used (***P < 0.001; **P < 0.01) and mean cytotoxicity from three or more individual donors are displayed; error bars indicate +SD.

phenotype, which may suggest that lower immunoproteasome
expression occurs before cells become locked in a mesenchymal state
(25-27). A better prognosis in NSCLC patients was significantly
associated with increased immunoproteasome expression, poten-
tially attributable to IFNy secreted by T lymphocytes infiltrating the
tumor. However, we also found tumors infiltrated with T lym-
phocytes without any expression of the immunoproteasome
(Fig. 24), suggesting that immunoproteasome expression may be
an independent prognostic factor as per our multivariate analysis.
EMT can profoundly alter the susceptibility of cancer cells to
T-cell-mediated immune surveillance (28, 29) which may be partially
mediated by loss of the immunoproteasome.

Infiltrating lymphocytes secrete numerous cytokines like IFNy,
IL-6, TGFp, and TNFa. All of these cytokines are known to
impact the transcriptional machinery in a cell, including activa-
tion of the PI3K/AKT/mTOR pathway. STAT3, the downstream
effector of the mTOR pathway, acts as an antagonist for STAT1,
a key regulator of immunoproteasome and antigen-presenting
machinery (8, 30). STATS3 signaling is required for TGFp-induced
EMT in lung cancer cells (31) and plays an opposite role to STAT1,
which promotes antitumor effects and immunosurveillance (32, 33).
We propose a mathematical model that explains coupling between
the STAT1-STAT3 feedback loop to the miR-200/ZEB loop and
how these networks together lead to high STAT3 and low STAT1
expression in mesenchymal cancer cells (SI Appendix, Section 2),
thus leading to differential expression of the immunoproteasome.

E1562 | www.pnas.org/cgi/doi/10.1073/pnas.1521812113

Additionally, our model accounts for balanced expression of
STAT1 and STAT3 in epithelial cancer cells, regulating immu-
noproteasome expression (SI Appendix, Fig. S6).

STATS3, IL-6, and TGFp can also induce DNA methyltransferases,
which may contribute to down-regulation of the STAT1, HLA class
I, and immunoproteasome-related genes (9, 34, 35). We provide
evidence that modulating STAT3 activity either by treatment with a
demethylating agent or the mTOR inhibitor rapamycin increased
STAT1 phosphorylation and immunoproteasome subunit expression.
Our analysis of lung cancer patients in the TCGA database sug-
gested a significant inverse correlation of gene expression and DNA
methylation for immunoproteasome related genes. Pyrosequencing
analysis of NSCLC cell lines revealed methylation at enhancer
binding sites of immunoproteasome subunit genes that correlated
with repressed expression in mesenchymal cell lines.

IFNy is known to induce the immunoproteasome and has nu-
merous antitumor effects (36). Treatment of mesenchymal cell lines
with IFNy led to up-regulation of the immunoproteasome and in-
duces pSTATT. IFNy plays key roles in tumor immune surveillance,
can act as an epigenetic modifier to up-regulate gene expression,
and has been investigated as a treatment for various cancers (37,
38). As we have shown that immunoproteasome downregulation
may occur through an epigenetic or a STAT1/STAT3 dependent
mechanism, IFNy treatment may act at multiple points to overcome
this inhibition.
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Peptide products of proteins with a high turnover rate are major
constituents of the immunopeptidome of cancer cells (39). These
peptides play a role in adaptive immunity against tumors through
their presentation to CD8* T cells. We analyzed the repertoire of
HLA class I-bound peptides from epithelial and mesenchymal cell
lines. Mesenchymal cells with IFNy-induced immunoproteasome
expression showed a marked increase in HLA class I-bound peptides.
Using a proteomic-based approach, we identified HLLA class I-bound
peptides from epithelial, mesenchymal, and IFNy-treated mesen-
chymal cells and demonstrated that identified HLA class I-bound
peptides are functional, resulting in lung cancer cell killing. Identified
functional peptides include those derived from proteins such as
PKM2 that have previously described roles in tumor proliferation
and survival, as well as proteins such as SERPBINBI, which is part of
a previously described lung cancer proteomic signature (40, 41).

Analysis of the TCGA lung dataset revealed that at least 75%
of the proteins presented as HLA class I-bound peptides are up-
regulated in lung cancer compared with normal lung tissue.
Thirteen of these proteins were presented as peptides in both
epithelial and IFNy-treated mesenchymal cells. Expression of
these proteins is largely restricted to tumor cells. This set in-
cludes STIP1, previously proposed as a cancer biomarker (42, 43),
S100A11, which is associated with invasion and metastasis (44, 45),
and two cancer testis antigens, OY-Tes-1 and CT 114, not pre-
viously associated with NSCLC. A recent article demonstrated that
T-cell reactivity to self-antigens are “pruned, but not eliminated” in
healthy individuals (46), contrary to the dogma that self-reactive
T cells are completely eliminated. Hence, it could be feasible to use
cancer-specific endogenous MHC I peptides generated from pro-
teins overexpressed in tumors as immunotherapeutic targets. Ad-
ditionally, in support of the immunogenic nature of proteins for
which we identified HLA class I-bound peptides, we observed an
autoantibody response against several of these proteins in plasma
samples from NSCLC patients collected before diagnosis com-
pared with matched noncancer controls.

Our findings suggest an alternative therapeutic strategy consist-
ing of CTL-based immunotherapy combined with induction of the
immunoproteasome via IFNy, rapamycin, or a demethylating agent
to target cells that have undergone EMT. The restricted HLA class
I-bound antigen repertoire inherent to tumor cells with a mesen-
chymal phenotype may thus be circumvented through induction of
the immunoproteasome or through identifying and targeting anti-
gens not dependent on the immunoproteasome for their pre-
sentation. As with immune checkpoint inhibition, induction of the
immunoproteasome in cells that have undergone EMT could serve
as a potent tool to counteract the immune evasion phenotype
correlated with poor outcome and metastasis.

Experimental Procedures
Detailed descriptions are provided in the S/ Appendix.

Cell Culture and Drug Treatment. NSCLC cell lines from initial authenticated
cell passages, free from mycoplasma, were grown in Roswell Park Memorial
Institute (RPMI)-1640 with 10% (vol/vol) FBS and 1% penicillin/streptomycin
mixture. For SILAC labeling, cells were grown for seven passages in RPMI-
1640 supplemented with ['3C]lysine and 10% (volivol) dialyzed FBS accord-
ing to the standard protocol (47). Details are given in S/ Appendix, Section 4.

Tumor Tissue Samples and IHC Analysis. The tissue microarrays used in this study
consisted of 218 surgically resected NSCLC tumor specimens collected under an
MD Anderson Cancer Center institutional review board-approved protocol.
Immunohistochemistry was performed using a Leica Bond Max automated
stainer (Leica Biosystems) (4, 48). The validated primary antibodies used
were PSMB8 (LMP7, 1:200, mouse monoclonal; Abcam ab58094), CDH1
(prediluted, mouse monoclonal clone NCH-38; Dako 1SO59), and CDH2 (1:50,
rabbit monoclonal clone D4R1H; Cell Signaling Technology 13116). Formalin-
fixed paraffin-embedded_cell _pellets_from Western blot-tested cell lines
HCC2935 (positive) and H1299 (negative) were used as controls for PSMB8.
Human lung adenocarcinoma for CDH1 and human normal fallopian tube for
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CDH2 were used as a positive control. Also, a nonprimary antibody control was
used as an additional control. IHC samples were quality-checked and evaluated
by two pathologists (H.L. and J.R.-C.) who were blinded to the study and clinical
outcome of the patients. The scorers did not have prior knowledge of the local
tumor burden, lymphonodular spread, and grading of the tissue samples. For
protein expression, sections were scored as positive if >10% epithelial cells
showed immunopositivity in the cytoplasm or nucleus for PSMB8 and mem-
brane for CDH1 and CDH2. The IHC scoring system used was H-score, which
evaluates intensity (0-3) and percentage of positive tumor cells (0-100), with a
final scoring ranging from 0 to 300. The highest score among replicates (three
core biopsies) was considered as representative. A cutoff score of 100 was used
as a criterion for PSMB8 positivity. The scoring by the observers was discrepant
in about 5% cases, and a consensus on the final result was reached by reeval-
uation of these slides and discussion.

Quantitative PCR, Western Blot, and DNA Bisulfite-Pyrosequencing Methylation
Analysis. Standard protocols were used; details are given in S/ Appendix,
Sections 5-7.

Wound-Healing, Migration, and Invasion Assays. Standard protocols were used;
details are given in S/ Appendix, Section 9.

Mathematical Modeling for STAT1-STAT3 Interaction Circuit. A mathematical
model based on experimentally known links between STAT1 and STAT3 was
constructed to explore the possible relationship between these two proteins
and hence their effect on the immunoproteasome complex. The MATLAB
continuation method MATCONT was used to calculate the nuliclines and
bifurcations. Model formulation and all model parameters can be found in S/
Appendix, Section 2.

Mass Spectrometric Analysis. Proteomic analysis was performed as previously
described (49). Detailed methods for mass spectrometric analysis can be
found in S/ Appendix, Section 11.

HLA-Bound Peptide Extraction and MS Analysis. HLA-bound peptides were eluted
from 5 x 108 cells of epithelial (HCC2935, DFCI032) and mesenchymal (H1299,
DFCl024) cell lines as previously described (50). H1299, DFCI024 cell lines were
incubated with or without 20 ng/mL IFNy for 24 h before elution of HLA-bound
peptides. In brief, 4 mL of citrate-phosphate buffer at pH 3.3 (0.131 M citric acid/
0.066 M Na,HPO,4, NaCl 150 mM) containing a protease inhibitor mixture and
phosphatase inhibitors was added to each dish. Cells were scraped gently from
the plate and pooled together and resuspended by gentle pipetting for 1 min to
denature HLA-peptide complexes. Cell suspensions were then pelleted, and the
resulting supernatant was isolated. Peptides were then passed through ultrafil-
tration devices (3-kDa cut off, Amicon Ultra; Millipore) to isolate peptides from
B2m proteins. Peptides obtained after acid elution were desalted and separated
using an off-line 1100 series HPLC system (Shimadzu) with reversed-phase column
(4.6-mm internal diameter x 150-mm length; Column Technology). Peptides were
fractionated with a 41-min elution program at a flow rate of 2.1 mL/min: 0-2% B
(0-5 min), 2-35% B (5-30 min), 35-50% B (30-33 min), 50-95% B (33-35 min),
95% B (35-37 min), 95-2% B (37-37.5 min), 2% B (37.5-41 min). Mobile phase A:
5% acetonitrile, 95% H,0, 0.1% trifluoroacetic acid (TFA); Mobile phase B: 5%
H,0, 95% acetonitrile, 0.1% TFA. The fractionated peptides were collected in 96
consecutive fractions, lyophilized, and subsequently resuspended in 50 pL of 1%
TFA after pooling into 12 pools of consecutively eluting fractions and analyzed by
nano-LC-MS/MS using LTQ-Orbitrap Elite mass spectrometer connected with Easy-
nLC 1000 (Fisher Scientific). Full mass spectra were acquired at a resolving power
of 60,000 (at m/z 400), and collision-induced dissociation tandem mass spectra
were acquired in data-dependent mode. For peptide identification, database
searches were performed against the updated 2013 UniProtKB; 20,224 entries
with a mass precursor tolerance of +20 ppm and a fragment tolerance of +0.7 Da
were found. Search results were filtered based on an false-discovery rate (FDR) of
0.05 with Proteome Discoverer and subsequently filtered using an HLA motif filter
(SYFPEITHI and IEDB) based on the predicted human HLA | allele motifs (S/ Ap-
pendix, Section 3). Raw data files were converted to peptide maps comprising m/z
values, charge state, retention time, and intensity for all detected ions above a
threshold of 5,000 counts using Proteome Discoverer software (version 1.4; Fisher
Scientific). Predicted HLA class I-bound peptides were further inspected for mass
accuracy, and MS/MS spectra were validated manually. All predicted HLA class |
peptides were searched using the NCBI BLASTp algorithm against the human
non-redundant protein database to identify the peptides’ corresponding source.

Data Analysis. Detailed methods for data analysis can be found in S/ Ap-
pendix, Sections 6 and 12.
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Cell-Mediated Cytotoxicity Assays. Target LCL were pulsed with 100 pg/mL of the
indicated peptide overnight before cytotoxicity assays. HIV GAG nonamer (Bio-
Synthesis) served as an irrelevant control peptide. Target cells were labeled with
5 pg of Calcein acetoxymethyl ester (AM) (354217; BD Biosciences) for 15 min,
and excess Calcein AM was removed by repeat washes. CTL and target cells were
incubated for 4 h at 37 °C in a humidified incubator at various effector:target
ratios. Trypan blue was used as a fluorescence quencher, and fluorescence of live
target cells was determined using a CytoFluor Il plate reader (PerSeptive
Biosystems). Percentage specific cytotoxicity was calculated according to
the following equation: (1 — [fluorescenceiarget + effector — fluorescencemegiuml/
[fluorescencetarget alone — fluorescencemediuml) % 100 (15). Experimental details
are given in S/ Appendix, Sections 13-15.

Statistical Analysis. The IHC data were subjected to statistical analysis using
the SPSS 22.0 software. The relationships between PSMB8 expression and
clinicopathological parameters were tested using x> and Fisher’s exact tests.
Two-sided P values were calculated, and P < 0.05 was considered to be
significant. Prognostic significance of PSMB8 expression was assessed by
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Kaplan—-Meier survival and multivariate Cox proportional hazards re-
gression analysis. Univariate and multivariate analysis were used to as-
sess the influence of clinical variables on survival. Gene expression data
were normally distributed and are presented as means + SEM. Differ-
ences between groups were evaluated using a two-tailed t test. We
considered a two-tailed P value less than 0.05 to indicate statistical
significance.
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