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Abstract 

Background  Resistance to both naturally occurring anti-cancer immunity and to immunotherapy is common 
in patients with aggressive non-small cell lung cancer (NSCLC). Recent studies indicate a role of loss of the HLA class-I 
antigen presentation machinery (APM) protein β-2-microglobulin in acquired resistance to immune checkpoint 
blockers. However, the mechanisms, functional consequences and therapeutic potential of APM defects in NSCLC 
remain poorly understood.

Methods  Using multiplexed immunofluorescence, we spatially mapped CD8+ effector Tumor-Infiltrating Lympho-
cytes (TILs) and the APM components TAP1 and TAP2 in 819 baseline/pre-treatment NSCLCs from patients treated 
with and without PD-1 axis blockers in 4 independent cohorts. The impact of TAP1/2 silencing in lung cancer cells 
using siRNAs and CRISPR/Cas9 was studied using transcriptomic analysis, phosphoprotein arrays, ATAC-sequencing, 
measurement of surface HLA-peptide complexes and in vitro tumor-antigen specific T-cell killing. We established 
autologous co-cultures of tumor and immune cells from primary human NSCLCs to study the functional impact 
of IL4Rα and/or PD-1 blockade using monoclonal antibodies. A high-throughput drug screen supported the identifi-
cation of compounds able to increase TAP2 expression in NSCLC cells.

Results  We identified cancer cell selective TAP2 protein downregulation in 42.4% of treatment naïve NSCLCs associ-
ated with reduced sensitivity to immune checkpoint blockers. TAP1 downregulation occurred in 24.4% of lung tumors 
without survival impact. Silencing of TAP2 in lung cancer cells altered key intracellular immunomodulatory pathways, 
limited sensitivity to proinflammatory cytokines, reduced the levels of surface peptide-HLA complexes and pro-
tected malignant cells from tumor antigen-specific T-cell killing via SOCS1 upregulation. TAP2 loss in human NSCLCs 
was associated with reduced TAP2 promoter chromatin accessibility and elevated IL-4 IL-4 expression. Treatment 
with IL-4 reduced TAP2 levels and the chromatin accessibility of the TAP2 gene promoter in NSCLC cells and repro-
duced all the functional consequences of TAP2 loss. In intact human NSCLC, IL-4 IL-4 transcripts were detected in intra-
tumoral myeloid cells and IL-4Rα blockade increased human NSCLC cell killing by autologous TILs. Epigenetic modula-
tors and other drugs with known anti-cancer activity increased TAP2 expression and its function in lung cancer cells.
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Conclusions  Our study reveals previously unrecognized functions of TAP2 beyond antigen presentation and estab-
lishes a reversible multi-cellular axis mediating adaptive immune evasion and immunotherapy resistance with clinical 
potential.
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Background
Therapies targeting the inhibitory checkpoints CTLA-4 
and PD-1 axis induce prominent anti-tumor responses 
and lasting clinical benefit in patients with differ-
ent tumor types, including non-small cell lung can-
cer (NSCLC). However, most patients do not respond 
to these treatments and the vast majority of those who 
initially respond develop acquired resistance [1, 2]. The 
recognition of cancer cells by T-cells and the therapeutic 
efficacy of immune checkpoint blockers depend on a fully 
functional HLA class-I antigen processing and presenta-
tion machinery (APM) [3, 4]. Consistent with this notion, 
deleterious genomic alterations in β2M and HLA class-I 
genes occur in a subset of patients with acquired resist-
ance to immune checkpoint blockers [5–8]. Moreover, 
the silencing of β2M in malignant lung cancer cells is suf-
ficient to confer resistance to PD-1 axis blockers in a syn-
geneic carcinogen-induced mouse model [6]. Previously, 
we demonstrated a high frequency of cancer cell selective 
downregulation of β2M, HLA class-I and HLA class-II 
proteins in immunotherapy naïve human NSCLCs asso-
ciated with distinct tumor microenvironment composi-
tion and outcomes [9]. In the latter study, the reduced 
expression of HLA class-I APM proteins in malignant 
cells was not explained by deleterious mutations in the 
genes encoding these proteins, suggesting alternative, 
non-genomic mechanisms mediating these responses [4, 
9].

Adequate processing and presentation of immunogenic 
peptides involve additional APM components beyond 
HLA class-I proteins, such as immuno-proteasome subu-
nits (e.g. PSMB8, PSMB9, PSMB10), transporters associ-
ated with antigen processing (e.g. TAP1 and TAP2) which 
transport peptides to the endoplasmic reticulum (ER), 
and key ER chaperones which assist the peptide loading 
onto the HLA class-I molecules (e.g. Tapasin, Calreticu-
lin, Calnexin and ERp57) [4, 9]. The possible role of these 
APM components in immune evasion and immunother-
apy resistance and the mechanism underlying APM loss 
in cancer remain poorly understood and have not been 
exploited diagnostically and/or therapeutically in cancer 
patients.

Using detailed spatial molecular analysis of human 
NSCLC cohorts and functional in vitro studies, we dem-
onstrate the dominant effect of cancer cell TAP2 down-
regulation in tumor immune evasion and immunotherapy 

resistance. We identify a previously unrecognized multi-
step mechanism by which cancer  cell TAP2 down-
regulation mediates adaptive immune escape. We also 
recognize IL-4 produced in the tumor microenvironment 
as the causative signal mediating the epigenetic TAP2 
silencing in lung cancer. Finally, we perform pharmaco-
logic screens to uncover strategies to revert TAP2 down-
regulation in lung cancer cells and re-sensitize tumors to 
T-cell recognition and elimination.

Material and methods
Patients, cohorts, and tissue microarrays
Formalin-fixed paraffin-embedded (FFPE) samples from 
four previously reported retrospective collections of pri-
mary NSCLCs represented in tissue microarrays (TMAs) 
were analyzed [9]. The first collection includes samples 
from 273 patients with NSCLC collected at Sotiria Gen-
eral Hospital and Patras University General Hospital 
(Greece) between 1991 and 2001 (cohort #1). Another 
TMA-based cohort included pre-treatment biopsy 
or resection samples from 255 patients with NSCLC 
treated  at Yale between 1999 and 2007 (cohort #2). An 
additional NSCLC collection includes samples from 152 
patients with NSCLC seen at Yale Pathology between 
1988 and 2012 (cohort #3). NSCLC samples from patients 
treated with PD-1 axis blockers were retrospectively col-
lected at Yale University (cohort #4, n = 139). All cases in 
the cohorts were reviewed by a local pathologist using 
hematoxylin and eosin–stained preparations and tumor 
histology variant was confirmed by morphology analysis. 
Tumor cores for TMA construction were obtained from 
case areas selected by a pathologist to represent the dis-
ease and each tumor was represented in 2–4 cores from 
different sample areas. Tumor core selection was not 
based on specific tumor segments or location. Clinico-
pathologic information from patients in all cohorts were 
collected from clinical records and pathology reports.

Analysis of public datasets
To determine the frequency and type of mutations in 
TAP2 occurring in NSCLC, we performed analysis of 
publicly available data from The Cancer Genome Atlas 
(TCGA) lung cancer cohorts. The analysis of variants 
was performed using paired germline DNA from each 
case as a reference using the cBioPortal bioinformatic 
pipeline [10, 11]. Genomic alterations considered to be 
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deleterious included missense mutations, truncating 
mutations, and deep (e.g., homozygous) deletions. Analy-
sis of the cohorts included both primary lung adenocar-
cinomas and squamous cell carcinomas. Comparative 
analysis of mRNA expression of the TAP1, TAP2, IFNγ, 
IL-4, and IL-8 from TCGA NSCLC cohorts were con-
ducted using batch-normalized RNA sequencing and 
transcript levels expressed as RNA-Seq by expectation–
maximization units.

Multiplexed quantitative immunofluorescence (QIF)
Multiplexed immunofluorescence staining protocols 
for FFPE tissue specimens were developed for simul-
taneous detection of the cell permeant nuclear dye 
4′,6-diamidino-2-phenylindole (DAPI), pancytokeratin 
(Thermo Fisher, #53–9003-82, clone AE1/AE3), TAP1 
(clone NOB1 [12]), TAP2 (clone NOB2 [12]), CD8 (CST, 
#85336S, clone D8A8Y) and/or HLA-ABC (clone HC-10) 
using isotype-specific antibodies and different fluores-
cence conjugates as described previously by our group 
[9, 13, 14]. For the multiplexed staining, sections were 
deparaffinized and subjected to antigen retrieval using 
EDTA Buffer (Sigma-Aldrich; Cat #03690, pH = 8) and 
boiled for 20 min at 970C in a pressure-boiling container 
(PT Module, Lab Vision). Slides were then sequentially 
incubated at room temperature with dual Endogenous 
Peroxidase Block (Dako, No. S2003) for 10 min and with 
a blocking solution containing 0.3% BSA in 0.05% Tween 
solution for 30  min. Secondary antibodies and fluores-
cence reagents used were anti-mouse Envision (Agilent 
Technologies, Inc, Cat# K4001), anti-rabbit Envision 
(Agilent Technologies, Inc, Cat# K4003), rat anti-Mouse 
IgG1 (eBioscience, #18–4015-82), TSA Cyanine 5 (Akoya 
Biosciences, Cat# SAT705A001EA), TSA Plus Cyanine 3 
(Akoya Biosciences, Cat# NEL744001KT), biotinylated 
Tyramide/Streptavidin-Alexa750 conjugate (Thermo 
Fisher Scientific, Cat# S21384). Residual horseradish 
peroxidase activity between incubations with secondary 
antibodies was eliminated by exposing the slides twice 
for 7 min at room temperature to a solution containing 
benzoic hydrazide (0.136 mg) and hydrogen peroxide (50 
μL). To determine the reproducibility of the QIF assay, we 
measured serial sections from the index TMA containing 
positive and negative controls at different timepoints.

Tissue fluorescence measurement and scoring
Quantitative measurement of the fluorescence signal was 
performed using the AQUA® method that enables objec-
tive and sensitive measurement of targets within user-
defined tissue compartments [9, 13, 15]. The TMA slides 
were scanned using an automated HistoRx PM2000 
multispectral slide scanner with 20 × magnification and 
autoexposure configuration. Briefly, the QIF score of 

each target in the cytokeratin positive (CK+) cancer cell 
compartment was calculated by dividing the target pixel 
intensities by the area of CK positivity. Scores were nor-
malized to the exposure time at which the images were 
captured, allowing scores collected at different exposure 
times to be comparable. Markers were also measured 
in the CK-negative stromal cell tissue compartment by 
collecting the signal score in the area defined by DAPI 
staining and lacking CK+  pixels. Cases were considered 
to have TAP2 protein  downregulation  (e.g.  TAP2  low) 
when the signal in CK+ cancer  cells was lower than in 
the neighboring CK-negative (non-tumor) stromal cells 
within the same sample. The specific marker staining 
patterns and cancer cell–specific loss was confirmed by 
visual inspection by trained personnel.

In situ mRNA measurement using QIF
Multiplexed QIF protocols for FFPE tissue specimens 
were developed for simultaneous detection of the IL-4 
mRNA, CD11b mRNA, TAP2 protein and cytokera-
tin (CK) protein using the RNAscope™ assay coupled 
to multiplex immunofluorescence. In brief, the FFPE 
tissue sections were deparaffinized, endogenous per-
oxidase activity was quenched with hydrogen peroxide 
followed by target retrieval and protease plus treatment. 
The in  situ mRNA detection was performed using the 
RNAscope™ Multiplex Fluorescent V2 kit containing IL-
4 (Advanced Cell Diagnostics, Inc., Cat# 315,191) and 
CD11b (Advanced Cell Diagnostics, Inc., Cat# 555,091) 
mRNA detection probes in C1 and C2, respectively. Post 
RNA probing, the slides were sequentially stained for 
TAP2, and CK proteins followed by DAPI nuclear stain-
ing. The TMA slides were scanned using an automated 
Akoya Vectra Polaris slide scanner with 20 × magnifica-
tion and autoexposure configuration. Quantitative meas-
urement of the fluorescence signal was performed using 
the AQUA® method [9].

Cell culture and transfection
The lung adenocarcinoma cell lines A549 (HLA-A2+, 
KRAS mutant),   H1975 (HLA-A2−, EGFR mutant), 
and H520 (HLA-A2−, KRAS/EGFR wild type) were 
purchased from the American Type Culture Collec-
tion (ATCC). PC9 (HLA-A2+, EGFR mutant) cell line 
was purchased from Sigma-Aldrich (Cat#  90071810-
1VL). PC9, H1975, and H520 cells were grown in RPMI-
1640 culture media and A549 cells were grown in DMEM 
culture media. All the culture media were supplemented 
with 10% fetal bovine serum and Penicillin–streptomycin 
antibiotic cocktails. Cells were incubated in a humidified 
incubator supplied with 5% CO2. Exponentially grown 
cells were used in this study. Cell lines were authenticated 
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every 3–6 months using the GenePrint® 10 System in the 
Yale University DNA Analysis Facility. Cells were also 
periodically tested for mycoplasma contamination.

To mimic cancer  cell downregulation of TAP1 & 
TAP2, we transiently reduced TAP1 and TAP2 expres-
sion in A549 and PC9 cells. Briefly, cells were transfected 
with 100  nM scrambled ON-TARGETplus SMARTpool 
small interference RNA (siRNA) against TAP1 (Cat# 
L-007634–00-0005) and/or TAP2 (Cat# L-007635–00-
0005) (4 pooled siRNAs for each gene, Horizon Dis-
covery Biosciences Limited, USA) using lipofectamine  
RNAiMAX  reagent (Invitrogen, Cat# 13778150). Forty 
eight  h after transfection, the knockdown efficacy was 
confirmed at RNA and protein levels. Data shown in sup-
plementary Figs. S3A-E.

For overexpression studies, 250  ng of N-terminal 
FLAG tag TAP2 constructs (Genecopoeia, Cat# EX-
Z2364-M11) were transfected to A549 cells using lipo-
fectamine 3000 reagent  (Invitrogen, Cat# L3000008). 
Cells were incubated for 48  h. Transfection efficiency 
was confirmed by intracellular staining using anti  FLAG 
antibody (CST, Cat# 8146S) and subsequent analysis was 
performed using FCS Express software version 7 (De 
Novo software). Data shown in supplementary Fig. S3F.

For TAP2 re-expression in TAP2 knockout cells, 250 ng 
of N-terminal FLAG tag TAP2 constructs were trans-
fected to A549 TAP2 knockout cells using lipofectamine 
3000 reagent followed by incubation for 48 h. Expression 
of FLAG-TAP2 was confirmed by intracellular staining 
using anti FLAG antibody (CST, Cat# 8146S) and sub-
sequent analysis was performed using FCS Express soft-
ware version 7 (De Novo software).

Generation of TAP2 knockout (TAP2 KO) cells
A549 cells were transfected with pSpCas9 BB-2A-GFP 
(GenScript, Cat# SC1678) containing TAP2 targeting 
gRNA sequence 5’-GCG​CCT​TGT​ACC​TGC​TCG​TA-3’. 
Cells were incubated for 48  h followed by screening of 
GFP positive cells using cell sorter (BD Biosciences). GFP 
positive cells were serially diluted to obtain monoclonal 
cell populations. Monoclonal TAP2 knockout cell clones 
were confirmed by TAP2 protein expression and DNA 
sequencing. Data shown in supplementary Fig. 2I.

Quantitative Real time PCR (qRT‑PCR)
The total mRNA was isolated using Trizol reagent 
(Thermo Fisher Scientific Cat# 15,596,026). cDNA was 
prepared from 1 µg of total mRNA using iScript cDNA 
Synthesis Kit (Bio-Rad, Cat#1,708,891) and qRT-PCR was 
performed using iQ SYBR Green Super Mix (Bio-Rad, 
Cat #1,708,880) with normalization to GAPDH. Primer 

sequences are described in the supplementary Table S1. 
Data shown in supplementary Fig. S3A & 3C.

Immunoblotting
Cells were washed with ice  cold PBS and lysed in 1X 
RIPA buffer (Thermo Fisher, Cat# 89,900) supplemented 
with protease inhibitors (Thermo Fisher, Cat# 78,440). 
Immunoblotting was performed with antibodies to 
detect  TAP1 (1:100, Cat# NOB1), TAP2 (abcam,1:500, 
Cat# ab180611), GAPDH (1:10,000, EMD Millipore, 
clone 6C5, Cat# CB1001) and fluorophore conjugated 
secondary antibodies DyLight 680 Goat Anti-Mouse IgG 
(H + L) (1:10,000, Thermo Fisher. Cat# 35,519), DyLight 
680 Goat Anti-Rabbit IgG (H + L) (1:10,000, Thermo 
Fisher. Cat# 35,569) and DyLight 800 Goat Anti-Mouse 
IgG (H + L) (1:10,000, Thermo Fisher. Cat# SA510176). 
Blots were scanned using Licor odyssey (LI-COR Bio-
technology, USA). Data shown in supplementary Fig. 
S3E.

NanoString analysis
The differential expression analysis of 770 immune 
related genes was performed using the nCounter Pan-
Cancer Immune Profiling panel  (NanoString Technolo-
gies). A549 cells were transfected with 100 nM scrambled 
ON-TARGETplus SMARTpool small interference RNA 
(siRNA) against TAP2 (Cat# L-007635–00-0005) (4 
pooled siRNAs for each gene, Horizon Discovery Bio-
sciences Limited, USA) using lipofectamine™ RNAiMAX 
transfection reagent (Invitrogen). After 48  h of trans-
fection cells were treated with IFNγ alone or IFNγ + 
TNFα for 8  h. After treatments, the total mRNA was 
isolated using Trizol reagent (Thermo Fisher Scientific 
Cat# 15,596,026) and the purity of each RNA sample 
was determined using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific). A total of 200 ng mRNA was 
hybridized with PanCancer reporter probes (NanoString, 
Cat# 100,054) included in the 770-plex PanCancer 
Immune Profiling panel (NanoString, Cat# 115,000,132). 
Post hybridization, samples were placed into the nCoun-
ter MAX/FLEX System Prep Station (NanoString Tech-
nologies) to measure RNA counts. Finally, the RNA 
counts were normalized for technical efficiency by the 
geometric mean of internal control probes using nSolver 
4.0 Advanced Analysis software (NanoString Technolo-
gies). The differential expression data shown represents 
normalized counts transformed to log2 scale.

Human Phospho‑Kinase Array
A549 cells were transfected with 100  nM scrambled 
ON-TARGETplus SMARTpool small interference RNA 
(siRNA) against TAP2 (Cat# L-007635–00-0005) (4 
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pooled siRNAs for each gene, Horizon Discovery Bio-
sciences Limited, USA) using lipofectamine™ RNAiMAX 
transfection reagent (Invitrogen). After 48 h of transfec-
tion the cells were treated with IFNγ + TNFα (20 ng/ml 
each) for 24 h. Post incubation, the expression levels of 37 
phospho kinases were examined using the Proteome Pro-
filer Human Phospho-Kinase Array Kit (R&D Systems, 
Inc., Cat# ARY003C) according to the manufacturer’s 
instructions. Data shown includes the top 5 upregulated 
and top 5 downregulated phosphoproteins.

HLA‑peptide stripping and peptide reloading assay
To unload peptides bound to surface HLA, cells (2 × 106/
ml) were incubated with citric acid-Na2HPO4 buffer 
(0.263  M citric acid and 0.123  M Na2HPO4 containing 
1% BSA (pH 3)) for 2 min and washed three times with 
5  ml of culture medium before analysis by flow cytom-
etry. To reload peptides into the surface HLA, cells were 
incubated with purified HER2369-377 (AnaSpec Inc., Cat# 
SQ-ASPE 77814) or MAGE3271-279 peptides (AnaSpec 
Inc., Cat# AS-61355) (50 µM and 100 µM) in a CO2 incu-
bator for 2 h. Finally, cells were washed and stained using 
mAb 4F10 specific to HLA-A2 bound to the HER2 non-
amer peptide KIFGSLAFL (corresponding to amino acids 
369–377 of the full-length HER2 protein (HER2369-377)) 
[16] or mAb 12B6 specific to HLA-A2 bound to the 
MAGE3 nonamer peptide FLWGPRALV (correspond-
ing to amino acids 271–279 of the full-length MAGE3 
protein (MAGE3271-279))  [17]  and analyzed with a LSR 
II flow cytometer (BD Biosciences). Subsequent analy-
sis was performed using FCS Express software version 
7 (De Novo software). Data shown in supplementary 
Figs. S2A-E.

Flow cytometry analysis
For surface staining, A549, PC9, H1975 and H520 cells 
were washed two times with FACS buffer (2% fetal bovine 
serum + 0.5% bovine serum albumin) followed by incu-
bation with antibodies targeting HLA-A2-HER2369-377 
(SB21-34, 4F10) [16] or HLA-A2-MAGE3271-279 (SB21-
33, 12B6) [17] for 30 min in ice. Cells were washed with 
FACS buffer and further incubated with anti-mouse 
alexa fluor® 647 conjugate (CST, Cat# 4410) secondary 
antibody and evaluated on a LSR II flow cytometer (BD 
Biosciences).

For intracellular staining, control and treated cells were 
fixed with 4%PFA for 15  min and permeabilized with 
100% methanol for 30  min on ice. Cells were washed 
three times with FACS buffer followed by incubation 
with antibodies targeting TAP1 (NOB1), TAP2 (abcam, 
Cat# ab180611) and SOCS1 (abcam, Cat# ab9870) for 1 h 
in ice. Cells were washed three times with FACS buffer 
followed by staining with anti-rabbit alexa fluor® 647 

Conjugate (CST, Cat #4414) or donkey anti-Goat alexa 
fluor® 488 (abcam, ab150129) secondary antibodies and 
evaluated on a LSR II flow cytometer (BD Biosciences). 
Subsequent analysis was performed using FCS Express 
software version 7 (De Novo software).

Primary NSCLC samples and single cell isolation
Fresh human lung tumor samples were washed with 
RPMI-1640 culture medium, cut into small pieces of 
approximately 2–3 mm3 and incubated with tissue diges-
tion enzyme mix (Miltenyi Biotec, Cat#130–108-339) 
for processing in a gentleMACS™ Dissociator (Miltenyi 
Biotec.) for 20  min. The digested tissue suspension was 
passed through a cell strainer and centrifuged at 300 g for 
7  min. The acquired cell pellet was dissolved in RPMI-
1640 medium and cell viability was measured using 
0.4% trypan blue solution. In selected experiments, CD3 
T-cells were eliminated from the tumor single cell sus-
pension using CD3 depleting microbeads (Miltenyi Bio-
tec, Cat# 130–050-101) as per manufacturer instructions.

For flow cytometry analysis, the tumor single cell sus-
pensions were incubated with Fc blocker (Biolegend, Cat# 
422,302) for 15  min and then incubated with EpCAM 
(Biolegend, Cat# 324,252), CD3 (BD Biosciences, Cat# 
555,333), Annexin-V (Biolegend, Cat# 640,922), CD8 
(BD Biosciences, Cat# 566,852) CD11b (BD Biosciences, 
Cat# 563,839) and CD25 (BD Biosciences, Cat# 560,987) 
antibodies for 30  min in ice. Cells were acquired using 
an LSR II flow cytometer (BD Biosciences). Subsequent 
analysis was performed using FCS Express software ver-
sion 7 (De Novo software).

ATAC‑seq and RNA‑seq
Single cell suspensions from primary human lung 
tumors or cell lines were analyzed using assay for trans-
posase-accessible chromatin using sequencing (ATAC-
seq) and whole transcriptome sequencing (RNA-seq) 
using standard protocols at the Yale Center for Genome 
Analysis (YCGA). Bulk ATAC-seq reads were trimmed 
using TrimGalore (https://​github.​com/​Felix​Krueg​er/​TrimG​
alore) and aligned to the human genome (Hg38 assem-
bly) using Bowtie2 (v2.3.4.3) [18]. Sambamba (v0.7.1) 
[19] was used to sort the BAM file and unpaired reads 
were removed. PCR duplicates were removed using Pic-
ard (v1.31) mark duplicates function (http://​broad​insti​
tute.​github.​io/​picard/) and mitochondrial reads were 
removed using Samtools (v.1.12) view function [20]. All 
downstream analyses were performed on these filtered 
reads. Chromatin accessibility peak enrichment analy-
sis and differential mean peak levels across specimens 
were identified using MACS2 (V2.2.7.1) [21] with default 
parameters except -nomodel, extsize 200 -SPMR. Further 
filtering of enriched peaks was performed using adjusted 

https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
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p-value < 0.05 and fold enrichment score. Differentially 
enriched peaks were annotated using ChIPseeker R pack-
age (https://​bioco​nduct​or.​org/​packa​ges/​relea​se/​bioc/​html/​
ChIPs​eeker.​html). Gene regions flanking the transcrip-
tion start site (+ 3 kb) and transcription end site (-3 kb) 
of selected genes were considered for the analysis of 
promoter regions and enriched differential peaks were 
used to identify predicted transcription factor bind-
ing sites using the motif discovery function in MEME 
Suite (https://​meme-​suite.​org/​meme/). Motifs identified 
in the TAP2 promoter were used for further identifica-
tion of transcription factors and their predicted binding 
sites using AnimalTFDB (v3.0) (https://​guolab.​wchscu.​
cn/​hTFta​rget/#!/). Predicted transcription factors were 
further filtered based on q-value < 0.05 and high binding 
score. For the purpose of visualization, genome coverage 
files from filtered BAM files were generated using BED-
tools (v2.30.0) [22] and each position was normalized by 
dividing the total library size and multiplying by 106. Fur-
ther, BEDgraph (Bdg) files were converted into BigWig 
format using the bedGraphToBigWig command from the 
UCSC genome browser tool. Integrated genome viewer 
(IGV) (v2.13.2) was used for peaks visualization and com-
parison. The mRNA transcripts in paired preparations 
from non-tumor lung tissue and NSCLC were analyzed 
using TrimGalore (v.0.6.7). Trimmed FASTQ files were 
evaluated using MultiQC (v.1.10.1). The sequence reads 
were mapped to the Human genome version Hg38 using 
HISAT2(v.2.2.1) and SubRead (v.2.0.3) tool was used to 
quantify the gene expression using featureCount func-
tion [23]. Gene read counts were normalized using edgeR 
package (v.3.38.4) [24]. DESeq2 R package (v.1.36.0) was 
employed for differential expression analysis. Differen-
tially expressed genes (DEGs) were selected from the 
normalized counts (using log2 counts per million reads 
(CPM) between non-tumor lung tissue and NSCLC sam-
ples (with significant fold change > 1.5 and false discovery 
rate < 0.05) [25].

Ex vivo tumor cell killing assay using autologous tumor/
immune cell co‑cultures
Single cell suspensions from primary NSCLCs were incu-
bated for 16  h in a CO2  incubator followed by stimula-
tion with IFNγ + TNFα (20 ng/ml each) or recombinant 
IL-4 (20  ng/ml) for 24  h. Post incubation, cells were 
treated with anti-IL-4Rα  antibody (R&D Systems, Cat# 
MAB230-100) (5  µg/ml) and/or pembrolizumab/PD-1 
blocking antibody  (Selleck Chemicals, Cat# A2005) 
(5  µg/ml) for an additional 72  h. To analyze cancer cell 
death, the preparations were stained with lineage specific 
or functional surface markers (EpCAM, Annexin-V, CD8, 
CD25, as mentioned above)  and acquired using an LSR 
II flow cytometer (BD Biosciences). Subsequent analysis 

was performed using FCS Express software version 7 (De 
Novo software).

In vitro tumor antigen specific killing, cytotoxicity and cell 
viability assays
Target tumor cells were either transfected with scram-
bled siRNA or siRNA targeting TAP1 (siTAP1), TAP2 
(siTAP2) and TAP1 with TAP2 (siTAP1 + TAP2) using 
lipofectamine™ RNAiMAX transfection reagent (Invit-
rogen). Forty eight h after transfection, cells were stimu-
lated with IFNγ or IFNγ + TNFα for an additional 24 h, 
followed by incubation with effector anti-HER2369-377 
CD8 T-cells (Cellero, Cat# ASTC-1126) at 0:1,  2:1 and 
5:1 effector-to-target cell ratio for 72 h. Annexin V stain-
ing was carried out using a FITC Annexin V Apoptosis 
Detection Kit (Biolegend, Cat# 640,922) and analyzed 
by flow cytometry. Cytotoxicity assay was carried out 
using CyQUANT™ LDH Cytotoxicity Assay Kit (Thermo 
Fisher Scientific, Cat#C20302) as per manufacturer’s 
instruction. The LDH fluorescence signal in cell plates 
was acquired using a Tecan microplate reader and the 
data was represented as percentage of LDH release. Cell 
viability assay was analyzed using 96 well plates with the 
CyQUANT™ MTT Cell Viability Assay (Thermo Fisher 
Scientific, Cat# V13154). Cell plates were acquired and 
analyzed using a Tecan microplate reader and data was 
represented as percentage of viable cells.  A549 or PC9 
cells were treated with SAHA/Vorinostat (Selleckchem.
com, Cat# S1047), BML-281 (Avantor®, Cat#76002-128) 
or  WT161 (Cayman Chemical, Cat#  21099), and ana-
lyzed for Annexin V staining, cytotoxicity/LDH release 
and cell viability/MTT.  

High throughput drug screening
Changes in TAP2 protein levels in A549 cells were 
screened with the Pharmakon-1600, Enzo 640 FDA-
approved drugs (Microsource Discovery Systems) and 
Enzo Epigenetics library available at the Yale Center for 
Molecular Discovery (YCMD). Briefly, 2,000 cells/well 
were plated in 20  µl volume of glass bottom 384-well 
imaging plates (Cellvis, P384-1.5H-N) and incubated at 
37ºC for 24 h. Twenty nL of 10 mM DMSO stock of each 
screening compound (or DMSO used as vehicle con-
trol) was transferred using an Echo Acoustic Dispenser 
(Labcyte) to assay plates containing 20 µl A549 cells for 
a final screening compound concentration of 10  µM 
(0.1% DMSO final). After 24 h of compound treatment, 
cells were washed with 30  µl of PBS and fixed with 4% 
(v/v) paraformaldehyde (Electron Microscopy Sciences 
15,710-S) diluted in PBS at room temperature for 20 min. 
Cells were washed twice with 30  µl PBS, then permea-
bilized with 30 µl of 0.5% (v/v) Triton X-100 in PBS for 
5 min. Following fixation and permeabilization, cells were 

https://bioconductor.org/packages/release/bioc/html/ChIPseeker.html
https://bioconductor.org/packages/release/bioc/html/ChIPseeker.html
https://meme-suite.org/meme/
https://guolab.wchscu.cn/hTFtarget/
https://guolab.wchscu.cn/hTFtarget/
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washed twice with 30  µl PBS and incubated with 30  µl 
of blocking buffer consisting of 10% (v/v) FBS (Gibco, 
16,140–071) diluted in PBS, for 1  h at room tempera-
ture. Primary antibody solution was prepared by diluting 
TAP2 (TAP2, Abcam Cat# ab180611) and PD-L1 anti-
bodies (CST, clone E1L3N, Cat# 13684S) to 1:250 (v/v) 
in blocking buffer. After blocking, cells were incubated 
with 20  µl of antibody solution (either TAP2 or PD-L1) 
at 4ºC overnight. Next day, cells were washed twice with 
30 µl PBS and incubated with 20 µl secondary antibody 
solution, consisting of 1:1000 (v/v) goat anti-rabbit alexa 
fluor 488 (Invitrogen A11034), 1:1000 Hoechst 33,342 
dye (Invitrogen, H1399) and 1:5000 HCS CellMask Deep 
Red Stain (Invitrogen, H32721) in blocking buffer, for 
1 h in the dark at room temperature. Cells were washed 
twice with 30 µl PBS and 50 µl of PBS was added to each 
well and scanned with a GE Healthcare IN Cell Analyzer 
2200. Image analysis was conducted using a custom pipe-
line in CellProfiler 3.1.9 (www.​cellp​rofil​er.​org). Activity 
cut-off for hit selection was determined by using three 
standard deviations from the mean of the whole sample 
population.

Statistical analysis
QIF signals between markers and compartments were 
analyzed using the mean fluorescence scores and com-
pared using non-parametric Mann–Whitney test. Patient 
characteristics were compared using the Student’s 
t-test for continuous variables and χ2 test for categori-
cal variables. Survival functions were compared using 
Kaplan–Meier estimates and statistical significance was 
determined using the log-rank test. Stratification of 
cases for survival analysis was conducted based on the 
frequency of cancer  cell TAP1/2 downregulation across 
the cohorts (25th percentile for TAP1 and the 45th per-
centile for TAP2, Fig.  1D). The same cut-points were 
used in all the cohorts. For comparisons across experi-
ments using flow cytometry analysis and other molecu-
lar measurements, the Student’s t-test was used. All the 
statistical analyses were conducted using JMP Pro. v11 

and GraphPad Prism v7.0a software. Statistical signifi-
cance between groups was determined using a two-tailed 
p-value < 0.05.

Results
Cancer cell selective downregulation of TAP2 is frequent 
in NSCLC
Using multiplex quantitative immunofluorescence (QIF), 
we studied the levels and spatial distribution of TAP1 
and TAP2 proteins in 819 pre-treatment NSCLCs from 
4 independent cohorts of patients treated with chemo-
therapy and/or surgery  (cohort #1, n = 273; cohort #2, 
n = 255 and cohort #3, n = 152, Tables  1–2) or treated 
with immune checkpoint blockers (cohort 4, n = 139, 
Table 2) represented in tissue microarrays. As shown in 
Fig. 1A, most tumors showed comparable levels of TAP1 
and TAP2 protein in both CK-positive cancer cells and in 
CK-negative (non-malignant) stromal cells. However, a 
subset of cases showed marked reduction of TAP1 and/
or TAP2 only in cancer  cells (CK+)  with preservation 
of the signal in the neighboring non-tumor lung tissue 
and/or stromal cells (CK-)  supporting cancer  cell selec-
tive protein downregulation (Fig. 1B and Supplementary 
Fig. S1A-B). As shown in Fig. 1C and Fig. 1D, and using 
automated scoring of the TAP1/2 protein signal in can-
cer cells and in adjacent non-tumor cells, we found 6.1% 
of cases showing TAP1 downregulation (range 2.1–7.9% 
in Cohorts #1–4), 24.0% with TAP2 downregulation 
(range 18.7–28.8% in Cohorts #1–4) and 18.4% with con-
current TAP1 and TAP2 downregulation (range 16.2–
24.5% in Cohorts #1–4).

TAP2 downregulation is associated with reduced 
sensitivity to immunotherapy
Tumors with downregulation of TAP1, TAP2 or TAP1 
& TAP2 showed mild and inconsistent differences in the 
levels of CD8+ TILs relative to specimens with unaltered 
TAP1/2 expression. As shown in Fig.  1E, tumors with 
TAP2 downregulation alone showed a trend towards 
lower CD8+ TILs (range 6.6–33.3%) that reached sta-
tistical significance only in cohorts #1 and #3. Similar 

Fig. 1  Cancer cell selective downregulation of TAP2 is frequent and associated with worse overall survival in NSCLC patients treated 
with immunotherapy. A, B Representative multicolor immunofluorescence microphotographs showing the simultaneous detection of CK+ 
tumor epithelial cells (green), CD8+ TILs (white), TAP1 (red) and TAP2 (yellow) proteins in human NSCLC. Cell nuclei were stained with DAPI (blue). 
C Pie charts showing the frequency of cancer cell TAP1 and/or TAP2 downregulation in baseline samples from 4 cohorts of NSCLC patients 
treated with chemotherapy (Cohorts #1, #2 and #3) or using PD-1 axis blockers (Cohort #4). D Mean frequency of cancer cell TAP1 and/or TAP2 
downregulation across 4 NSCLC cohorts. E Mean levels of CD8+ TILs in cases from NSCLC cohorts #1–4. CD8 QIF scores are shown as thousands 
of fluorescence units. F Kaplan–Meier graphical analysis of the overall survival (OS) of patients from cohorts #1–4 stratified by the presence 
or absence of cancer cell TAP1 (upper panels) and TAP2 (lower panels) downregulation. Data presented as the mean ± s.d. For E, *, p < 0.05; **, 
p < 0.01 determined by two-tailed unpaired Student’s t-test. F, log-rank test. ns, not significant; HR, hazard ratio; OS, overall survival; QIF, quantitative 
immunofluorescence; S, stroma; T, tumor; TILs, tumor infiltrating lymphocytes

(See figure on next page.)

https://www.cellprofiler.org
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Fig. 1  (See legend on previous page.)
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differences were seen in cases with TAP1 & TAP2 down-
regulation, and no differences were seen in cases with 
TAP1 downregulation alone. In NSCLCs from cohorts 
#1 and #2 the levels of HLA class-I proteins (e.g. HLA-
ABC) in malignant cells were comparable across cases 
with TAP1 and/or TAP2 downregulation (Supplementary 
Fig.  S1C). The levels of cancer  cell PD-L1 protein were 
lower in cases with TAP1/2 downregulation in cohort 
#1, but no difference was seen in cohorts #2 and #4, sug-
gesting independence of TAP1/2 loss from other adaptive 
immune evasion mechanisms (Supplementary Fig.S1D).

In the analysis of clinicopathologic variables, cases with 
low TAP1 showed no consistent associations and TAP2 
downregulation was more frequent in tumors with squa-
mous cell histology than in adenocarcinomas (Tables 1–
2). No consistent associations between TAP1 or  TAP2 
downregulation and age, gender, disease stage or smoking 
status were identified, and the frequency of cancer  cell 
TAP1 and/or TAP2 downregulation was comparable 
across lung adenocarcinomas harboring activating muta-
tions in EGFR or KRAS (Tables 1–2). These results indi-
cate that TAP1 and TAP2 protein downregulation do not 
strongly segregate with specific patient/tumor character-
istics and can occur in any NSCLC subtype.

To determine the impact of baseline TAP1 and TAP2 
downregulation in treatment-specific outcomes, we stud-
ied the overall survival (OS) of patients in the NSCLC 
cohorts treated with standard chemotherapy  and/or 
surgery (cohorts #1, #2 and #3) or after treatment with 
PD-1 axis blockers (cohort #4). As shown in Fig.  1F, 
patients with tumors containing low cancer  cell TAP1 
showed comparable OS with those without TAP1 down-
regulation regardless of the treatment type. However, low 
cancer cell TAP2 expression was associated with a signifi-
cantly shorter OS and 82% increased risk of death only in 
patients treated with PD-1 axis blockers (Fig. 1F) (Cohort 
#4; HR 1.82 [CI: 1.12–2.96]).

TAP2 expression modulates surface HLA class‑I antigen 
complexes in lung cancer cells
In non-malignant cells, TAP1 and TAP2 form trans-
porters in the ER membrane mediating the active trans-
port of short immunoproteasome-derived peptides 
into the ER lumen for subsequent processing and load-
ing of high affinity binders onto HLA molecules by the 
peptide loading complex [4, 26]. The availability of high 
affinity peptides in the ER is essential for the structural 
stabilization of the surface HLA-peptide complexes and 
subsequent delivery to the cell surface for T-cell recog-
nition [27, 28]. Therefore, disruption in TAP1/2 proteins 
in malignant cells could affect the levels of surface pep-
tide HLA-complexes and reduce the tumor recognition 
by cognate effector tumor  antigen-specific T-cells. To 
address this, we established a flow cytometry assay to 
measure specific HLA-peptide complexes expressed in 
NSCLC cells using the monoclonal antibody (mAb) 4F10 
specific to HLA-A2 bound to the HER2 peptide KIFG-
SLAFL corresponding to amino acids 369–377 of the 
full-length HER2 protein (HER2369-377) [16] or the mAb 
12B6 specific to HLA-A2 bound to the MAGE3 non-
amer FLWGPRALV corresponding to amino acids 271–
279 of the full-length MAGE3 protein (MAGE3271-279) 
[17] (Fig.  2A). Results supporting the specificity of this 
assay using peptide-HLA loading/unloading experi-
ments with short acid pulses and analysis of HLA-A2 
and/or HER2 negative lung cancer cells are discussed 
in the methods section and shown in the supplemen-
tary Fig. S2A-E. We then measured the levels of surface 
HLA-peptide complexes in two human NSCLC cell lines 
(e.g. A549 and PC9) with or without targeted TAP1 and/
or TAP2 downregulation using a pool containing 4 dif-
ferent small interference RNAs (siRNAs). The siRNAs 
prominently reduced the baseline TAP1/2 mRNA expres-
sion (~ 90%) and prevented the increase in TAP1/2 pro-
tein levels induced by the proinflammatory cytokines 
IFNγ ± TNFα (Supplementary Fig. S3A-E). As expected 

(See figure on next page.)
Fig. 2  Downregulation of TAP2 reduces the surface levels of peptide-HLA complexes in lung cancer cells. A Outline of the experimental strategy 
used to measure changes in the levels of selected HLA-peptide complexes in lung cancer cells with or without TAP1 and/or TAP2 downregulation 
using flow cytometry. B-G A549 lung cancer cells were transfected with scrambled/control siRNA or with TAP1 and/or TAP2 targeting siRNAs 
and left untreated (black histograms) or stimulated with IFNγ (blue histograms) or IFNγ + TNFα (red histograms). Panels B-D show the surface levels 
of HLA-A2-HER2369-377, and panels E–G show the levels of HLA-A2-MAGE3271-279. H–K A549 TAP2 knockout (KO) cells were transfected with an empty 
vector (KO + EV) or with a vector containing FLAG-TAP2 (KO + TAP2) and left untreated (black) or stimulated with cytokines IFNγ (blue) or IFNγ + 
TNFα (red). I, Graphs showing the levels of TAP2 protein analyzed by flow cytometry with or without TAP2 gene elimination, J-K, Surface levels 
of HLA-A2-HER2369-377 or HLA-A2-MAGE3271-279 in A549 cells with or without TAP2 gene elimination. For panels B-G and I-K, an isotype control 
antibody (IgG) was used as a background signal reference. Data presented as the mean ± s.d.; *, p < 0.05; **, p < 0.01; ***, p < 0.001 determined 
by two-tailed unpaired Student’s t-test with a Holm-Bonferroni correction for multiple comparisons. For panels B-G, Scr transfected cells were used 
as a control for statistical comparison, and for I-K parental wild type (WT) cells were compared with TAP2 deleted cells (KO) and TAP2 deleted plus EV 
(KO + EV) or with TAP2 deleted with posterior TAP2 transfection (KO + TAP2). MFI, mean fluorescent intensity; si, siRNA; scr, scrambled; Tx, treatment; 
ns, not significant
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for malignant cells, the baseline surface HLA-A2-
HER2369-377 and HLA-A2-MAGE3271-279 complexes lev-
els in control/unmodified A549 cells (KRAS mutant) 
were relatively low and increased following treatment 
with proinflammatory cytokines (Figs. 2B-G). TAP1 and/
or TAP2 downregulation induced a ~ 5–25% reduction 

in the levels of peptide-HLA-A2 complexes in unstimu-
lated cells that was more pronounced in cells with TAP2 
loss or with concurrent TAP1/TAP2 silencing than in 
those with reduced TAP1 (Figs. 2B and 2E). In addition, 
TAP2 downregulation prominently decreased the levels 
of surface peptide-HLA complexes after treatment with 

Fig. 2  (See legend on previous page.)
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proinflammatory cytokines IFNγ ± TNFα (Figs. 2C-D and 
2F-G). TAP1 downregulation alone had a lower impact 
on the surface antigen levels after cytokine stimulation, 
and TAP1/TAP2 silencing produced an effect compa-
rable to TAP2 reduction alone supporting a dominant 
effect of  this protein (Figs.  2B-G). Similar results were 
obtained in the human lung adenocarcinoma cells PC9 
(EGFR mutant) displaying higher baseline TAP2 expres-
sion than A549 (Supplementary Figs. S5A-F). A similar 
reduction in the levels of surface HLA-I proteins (HLA-
ABC) was seen in TAP1/2 deficient cancer cells, sup-
porting reduced membrane stabilization of HLA-peptide 
complexes (supplementary Fig. S4A).

Due to the more prominent effect of TAP2 reduction, 
and to assess the possible contribution of residual TAP2 
expression after siRNA-based silencing, we measured 
the surface peptide-HLA complexes levels in A549 cells 
with targeted TAP2 elimination using CRISPR/Cas9-
based gene editing with or without posterior-expression 
of the full-length TAP2 gene (Fig. 2H). TAP2 elimination 
slightly reduced the surface levels of HLA-A2-HER2369-377 
and HLA-A2-MAGE3271-279 in unstimulated A549 cells, 
but prominently prevented the increase induced by 
IFNγ ± TNFα (Figs. 2I-K). The re-expression of  TAP2 
containing a short amino acid tag located in the N-termi-
nal domain for selective identification (FLAG-TAP2) in 
TAP2 knockout cells restored the HLA-A2-HER2369-377 
and HLA-A2-MAGE3271-279 surface expression to a level 
comparable to parental cells with wild type (endogenous) 
TAP2 (Figs. 2I-K and S4B). Together, these results indi-
cate that TAP2 downregulation limits the levels of sur-
face HLA class-I antigens in lung cancer cells under both 
control and proinflammatory-like conditions.

TAP2 downregulation protects lung cancer cells 
from tumor antigen‑specific T‑cell killing
To determine the role of TAP1 and TAP2 in T-cell 
immune evasion, we co-cultured A549 cells with or 

without TAP1 and/or TAP2 downregulation, with 
human HLA-A2+/CD8+ T-cells expressing the αβTCRs 
recognizing HLA-A2-HER2369-377 (Fig.  3A). Then, we 
measured cancer  cell apoptosis via surface Annexin V 
staining of EpCAM+ malignant cells and cancer  cell 
viability by LDH release and MTT assay in prepara-
tions before or after stimulation with proinflammatory 
cytokines and using different effector (E) to target (T) cell 
ratios (Figs. 3B-C). Cytokines in these experiments were 
applied only to cancer cells before co-culturing, and they 
were removed before adding T-cells to avoid direct lym-
phocyte stimulation. As shown in Figs. 3D-F, virtually no 
Annexin V positivity was detected in preparations con-
taining only cancer cells with or without TAP1/2 silenc-
ing or after pre-incubation with IFNγ ± TNFα (e.g. (T) 
1: (E) 0). Comparable results were seen using the LDH 
release and MTT assays (Figs.  3G-L). In samples con-
taining both A549 and CD8+ T-cells, the downregula-
tion of TAP1 induced no detectable changes in T-cell 
killing under control/unstimulated condition (Fig.  3D, 
3G and 3J), and only partially increased the cancer  cell 
viability in samples pre-incubated with proinflammatory 
cytokines (Fig.  3E-F, 3H-I and 3K-L). In contrast, TAP2 
downregulation prominently increased the viability of 
unstimulated A549 cells and almost totally prevented the 
tumor antigen-specific T-cell mediated killing induced by 
proinflammatory cytokines (Fig. 3D-3L). The concurrent 
downregulation of both TAP1 and TAP2 produced an 
effect comparable to TAP2 downregulation alone. Simi-
lar results were obtained using PC9 cells as T-cell targets 
(supplementary Figs. S5G-J), as well as in A549 cells with 
TAP2 gene elimination, in which the cancer cell survival 
increase was suppressed by the re-introduction of TAP2 
(Fig. 3M-P). These results indicate that TAP2 downregu-
lation mediates T-cell immune evasion and protects lung 
cancer cells from tumor antigen-specific killing.

To assess the impact of TAP2 loss on surface HLA-pep-
tide complexes stabilization and tumor  antigen-specific 

Fig. 3  TAP2 downregulation protects cancer cells from tumor antigen-specific CD8 T-cell killing. A, B Schema and outline of the experimental 
strategy used to measure tumor antigen-specific killing of lung cancer cells by cognate CD8+ T-cells using flow cytometry, LDH release and MTT 
assay. C-L A549 lung cancer cells were transfected with scrambled siRNA or with TAP1 and/or TAP2 targeting siRNAs; and left untreated (black) 
or stimulated with IFNγ (blue) or IFNγ + TNFα (red). After treatment, target lung tumor cells were co-cultured with effector (CD8+ T-cells) cells 
in the ratios of 1:0, 1:2 and 1:5, respectively. Panel C shows the flow cytometry gating strategy to assess cell apoptosis in cancer cell/T-cell 
co-cultures using the markers CD3 (for CD8+ T-cells), EpCAM (for tumor cells) and Annexin V. Panels D-F show the percentage of EpCAM+ 
and Annexin V+ apoptotic cancer cells. Panels G-I show the percent of LDH release, and panels J-L represent the cellular viability using MTT assay. 
M-P A549 TAP2 knockout (KO) cells transfected with empty vector (KO + EV) or FLAG-TAP2 (KO + TAP2) and left untreated or stimulated with IFNγ 
or IFNγ + TNFα were co-cultured with tumor antigen specific CD8+ T-cells at different target cell (tumor): effector (CD8+ T-cell) cell ratios. An isotype 
control antibody (IgG) was used as a background signal reference. Data are presented as the mean ± s.d.; *, p < 0.05; **, p < 0.01; ***, p < 0.001 
determined by two-tailed unpaired Student’s t-test with a Holm-Bonferroni correction for multiple comparisons. For panels D-L, Scr transfected cells 
were used as a control for statistical comparison, and for N-P wild type (WT) compared with KO and KO + EV or with KO + TAP2 cells. si, siRNA; scr, 
scrambled; E, effector CD8 T cells; T, target tumor cells; Tx, treatment; ns, not significant; WT, wild type. See also supplementary Fig. S5-S6

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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cancer  cell killing, we performed peptide re-loading 
experiments by exposing parental or TAP2-deficient 
A549 cells to purified HER2369-377 or MAGE3271-279 pep-
tides. As shown in the supplementary Fig. S6A, the exog-
enous addition of the 9-mers only slightly increased the 
levels of surface HLA-peptide complexes in unmodi-
fied A549 cells, but prominently increased the detec-
tion in TAP2-deficient cells. In addition, reloading of the 
HER2369-377 peptide prominently increased the tumor-
antigen specific killing by HLA-A2-HER2369-377 specific 
T-cells in TAP2-deficient cancer cells with minimal effect 
in parental controls or in TAP2-deficient cells exposed 
to MAGE3271-279 (Supplementary Fig. S6B-C).  Together, 
these results indicate a prominent role of HLA-peptide 
complexes in tumor-antigen specific T-cell recognition 
and killing. They also suggest the presence of surface 
HLA-peptide complexes loaded with lower affinity bind-
ers in TAP2-deficient cells than in parental cells that 
can be rapidly/effectively displaced by competing higher 
affinity  exogenous nonamer peptides, as previously 
reported [29, 30].

TAP2 downregulation suppresses proinflammatory 
responses of lung cancer cells via SOCS1 upregulation
Because of the marked impact of TAP2 silencing in pep-
tide-HLA complexes and T-cell evasion after treatment 
with IFNγ ± TNFα, we hypothesized a role of TAP2 in 
the control of proinflammatory signals and/or cytokine 
sensitivity. To assess this, we first compared the 
immune transcriptomic profiles of control and TAP2-
downregulated A549 cells in the absence of T-cells or 
cytokine stimulation. As shown in Fig.  4A, downregu-
lation of TAP2 prominently reduced the expression of 
TNF superfamily genes (e.g., TNFSF4), HLA class-I 
APM transcripts (e.g. HLA-A, -B, -C, TAP1, TAP2, 
TAPBP, PSMB8, PSMB9 and PSMB10) and intracellular 

signaling regulators (e.g. STAT1, STAT2, IRF1, STAT6 
and CD40). TAP2 downregulation was also associated 
with reduced expression of chemokines involved in 
T- and NK-cell recruitment and activation including 
CXCL9 and IL-15 [31, 32]. No reduction was seen in the 
levels of the IFNγ receptor.

IFNGR1 or the TNFα receptors TNFRSF1A and 
TNFRSF1B. Analysis of transcripts significantly upregu-
lated in TAP2 deficient cells identified SOCS1 (suppres-
sor of cytokine signaling 1) as the top increased gene 
and this molecule has been previously shown in multi-
ple studies to effectively suppress the IFNγ/STAT path-
way and TNFα signaling [33, 34]. SOCS1 protein was 
also significantly higher in A549 cells after TAP2 down-
regulation (Fig. 4B) and the expression of TAP2 reduced 
SOCS1 protein levels in lung cancer cells supporting a 
bi-directional modulation (Fig.  4C  and Supplementary 
Fig. S7). TAP2 silencing also reduced the IFNγ-mediated 
increase in multiple proinflammatory transcripts includ-
ing STAT1, JAK1, JAK2, and TAP1, as well as immuno-
suppressive IFNγ-inducible genes such as JAK1, PD-L1 
and IDO-1 (Figs.  4D and 4E). TAP2 downregulation 
similarly prevented the increase of multiple additional 
proinflammatory transcripts including TNFRA and 
TNFRSF14 after treatment with combined IFNγ + TNFα 
(Figs.  4F-G). By phosphoprotein array analysis, TAP2 
silencing markedly reduced the levels of multiple pro-
inflammatory and pro-mitogenic/migration signals in 
response to IFNγ + TNF including pPLC-γ1, pRAS40, 
pp70S6k, pSTAT1, and pGSK3b. TAP2 downregulation 
also prominently increased the levels of pSTAT2 associ-
ated with both proinflammatory and immune suppres-
sive effects (Fig. 4H) [35, 36]. Together, these results show 
that TAP2 expression can modify key intracellular signal-
ing pathways and limit the response to proinflammatory 
cytokines in lung cancer cells.

(See figure on next page.)
Fig. 4  Downregulation of TAP2 alters intracellular immunomodulatory pathways via SOCS1 upregulation and TAP2 downregulation in human 
NSCLC is due to epigenetic changes. A A549 cells were transfected with scrambled siRNA or with TAP2 targeting siRNAs followed by targeted 
transcriptomic analysis. Graph shows differentially expressed genes in TAP2 silenced versus control cells ranked based on low (blue) to high (red) 
transcript expression. B, C SOCS1 protein expression by flow cytometry in A549 cells. B, Cells were transfected with scrambled siRNA or with TAP2 
targeting siRNAs C, Cells were transfected with empty vector or with the full-length TAP2 including a FLAG octapeptide. D-G, A549 cells were 
transfected with TAP1/2 siRNAs as indicated in 3A and stimulated with IFNγ (D, E) or with IFNγ plus TNFα (F, G). Volcano plots representing 
differential expression of IFNγ pathway signature genes. H A549 cells were transfected with TAP1/2 siRNAs followed by stimulation with IFNγ 
plus TNFα. Phosphoprotein levels were measured and ranked based on low (blue) to high (red) expression in TAP2 silenced vs control cells. 
I-M Normal adjacent to tumor (NAT) and lung tumor tissues surgically resected from NSCLC patients with low TAP2 protein levels. I Schematic 
of the strategy for obtaining and analyzing single cell preparations. J Volcano plot showing the differential gene expression of paired lung 
cancer relative to NAT using RNA sequencing. K Fold change of the mRNA expression of TAP2 and SOCS1 in tumor samples relative to NAT, L 
Heatmap of ATAC-seq analysis representing chromatin accessibility in the TAP2 promoter region. M Predicted transcription factor (TF) binding 
sites with the highest affinity scores (log2 count) for the TAP2 promoter region. Data are presented as the mean ± s.d.   **, p < 0.01 determined 
by two-tailed unpaired Student’s t-test. FC, fold change; MFI, mean fluorescent intensity; si, siRNA; scr, scrambled; TFs, transcription factors. See 
also supplementary Fig. S7
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Fig. 4  (See legend on previous page.)
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TAP2 downregulation in NSCLC is due to epigenetic 
modifications
To investigate mechanisms mediating cancer  cell TAP2 
downregulation in NSCLC, we evaluated the frequency 
of deleterious TAP2 genetic variants in human lung ade-
nocarcinomas and squamous-cell carcinomas from The 
Cancer Genome Atlas (TCGA) cohort analyzed using 
whole exome DNA sequencing. As shown in the sup-
plementary Fig. S8A, only 13 (1.5%) of 875 individual 
NSCLC cases contained deleterious mutations of the 
TAP2 gene that could explain the protein downregula-
tion, supporting a non-genomic mechanism of TAP2 
silencing. The analysis of fresh single  cell suspensions 
from primary resected NSCLCs with TAP2 downregu-
lation and adjacent morphologically normal lung tissue 
from the same patients using mRNA sequencing con-
firmed the association between low TAP2 and elevated 
SOCS1 expression in human malignancies and suggested 
a transcriptional mechanism underlying TAP2 down-
regulation (Figs. 4I-K). Analysis of these samples using 
ATAC-seq revealed reduced chromatin accessibility in 
the TAP2 gene promoter region spanning ± 3 kb around 
the transcription starting site in NSCLC as compared to 
non-tumor lung tissue, supporting epigenetic silencing 
of TAP2 (Fig. 4L). The sequence analysis of the promoter 
sites with differential accessibility in malignant vs non-
malignant samples identified numerous consensus motifs 
for binding of transcription factors involved in proin-
flammatory responses including HDAC2, IRF1, EGR1, 
STAT1, MYC, GTF3C2, HIF1A and STAT2 (Fig. 4M).

Tumor‑derived IL‑4 reduces TAP2 and mediates T‑cell 
evasion in lung cancer
We hypothesized that accumulation of immune suppres-
sive cytokines in the tumor microenvironment could par-
ticipate in the epigenetic TAP2 silencing on malignant 
cells. Exploration of the level of multiple cytokines and 
TAP2 transcripts in the TCGA NSCLC datasets con-
firmed the expected positive association between ele-
vated IFNγ and TAP2 (Supplementary Fig. S8B). In the 
same cohort, high expression of IL-4 mRNA, but not of 
other immunosuppressive cytokines such as IL-8, was 
significantly associated with lower TAP2 expression, sug-
gesting a negative modulatory effect of IL-4 on TAP2 lev-
els (Fig. 5A and supplementary Fig. S8C). Consistent with 
this notion, in vitro treatment of A549 cells with human 
IL-4 for 12-24 h prominently reduced the TAP2 protein 
levels (Fig. 5B) and TAP2 mRNA expression (Supplemen-
tary Fig. S8D). In addition, exposure of lung cancer cells 
to IL-4 suppressed the increase in TAP2 protein induced 
by IFNγ or IFNγ + TNFα (Fig. 5C). Treatment with IL-4 
also increased the levels of SOCS1 protein in A549 cells, 
but did not affect the SOCS1 increase induced by proin-
flammatory cytokines (Fig. 5D). Like TAP2 downregula-
tion, IL-4 only slightly decreased the baseline levels of 
surface peptide-HLA complexes, but almost totally pre-
vented the increase in surface HLA-A2-HER2369-377 or 
HLA-A2-MAGE3271-279 after treatment with proinflam-
matory cytokines (Figs. 5E-F). Comparable responses in 
TAP2, SOCS1 levels and surface peptide-HLA complexes 
after IL-4 treatment were observed in PC9 lung cancer 

Fig. 5  Myeloid cell-derived IL-4 reduces TAP2 expression via epigenetic remodeling in lung cancer. A TCGA NSCLC cohort analysis of TAP2 
expression stratified by the median IL-4 mRNA levels. B A549 cells were treated with IL-4 for 0-24 h and TAP2 protein levels were measured using 
flow cytometry. C-I A549 cells were treated with IL-4, IL-4 + IFNγ or IL-4 with IFNγ + TNFα. C, TAP2 protein levels measured by flow cytometry, D, 
SOCS1 protein levels by flow cytometry, E, Surface levels of HLA-A2-HER2369-377 complexes and F, HLA-A2-MAGE3271-279 complexes measured 
by flow cytometry. G-I A549 cells (target) were treated with IL-4 ± IFNγ + TNFα and incubated with effector tumor antigen-specific CD8+ T-cells 
to measure, G, cancer cell killing by Annexin V positivity, H, LDH release and I, cellular viability using MTT assay. J-M Fluorescence images and signal 
measurement from multiplexed spatial analysis of protein and mRNA transcripts in NSCLCs from Cohorts #1 and #2. J-K, Representative captions 
of cytokeratin (CK, green), IL-4 mRNA (red), CD11b mRNA (white), TAP2 protein (yellow) and nuclei (blue). L, expression levels of IL-4 mRNA 
measured selectively in CK+ tumor cells or in CD11b+ myeloid cells. M, expression levels of TAP2 protein in CK+ tumor cells stratified by the median 
IL-4 mRNA expressed in CD11b+ myeloid cells. N-R A549 cells were treated with IL-4 ± IFNγ + TNFα and analyzed using ATAC-seq. N, ATAC-seq 
promoter peak enrichment values of the TAP2 gene. O, comparative analysis of the TAP2 ATAC-seq promoter peak enrichment after different 
cytokine treatments in A549 cells. P, heatmap of ATAC-seq analysis representing chromatin accessibility in the TAP2 promoter region after cytokine 
treatments. Q, promoter peak enrichment values of the SOCS1 gene. R, comparative analysis of the SOCS1 ATAC-seq promoter peak enrichment 
after cytokine treatments. Promoter regions were considered as the DNA sequences between the gene Transcription Start Site (TSS, + 3 kb) 
and Transcription End Site (TES, -3 kb). S-U Autologous single cell suspension cultures including cancer and immune cells from primary NSCLC 
tissues stimulated with IFNγ + TNFα followed by incubation with IL-4Rα (αIL-4R) or PD-1 blocking antibodies (αPD-1). S, levels of CD8+/CD25+ T-cells 
measured by flow cytometry. T, percentage of EpCAM+/Annexin V+ apoptotic cancer cells in autologous cell suspensions. U, percentage of EpCAM+/
Annexin V+ apoptotic cancer cells in autologous cell suspensions with selective elimination of CD3+ T-cells (TECS). Isotype (IgG) was used 
as a background signal control. Data are presented as the mean ± s.d. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 determined by two-tailed 
unpaired Student’s t-test with a Holm-Bonferroni correction for multiple comparisons. B-I and S-U, untreated cells were used as a control. E, effector 
CD8+ T-cells; FPKM, fragments per kilobase million; ns, not significant; MFI, mean fluorescent intensity; T, tumor; S, stroma. See also supplementary 
Figs. S8-S12

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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cells (Supplementary Figs. S10A-E). The IL-4 mRNA 
levels in the TCGA lung cancer dataset were not signifi-
cantly associated with TAP1 expression and treatment 
with IL-4 did not significantly affect the TAP1 protein 
levels in lung cancer cells (Supplementary Figs. S9A-B).

To further determine the role of IL-4 in adaptive 
immune evasion, we studied cancer  cell killing in co-
cultures of A549 cells with tumor antigen-specific 
CD8+ T-cells with or without exposure to IL-4 and/or 
IFNγ + TNFα. As shown in Figs. 5G-I, IL-4 alone only 
slightly reduced the T-cell killing in control/unstimu-
lated A549 cells, but almost totally suppressed the 
tumor  antigen-specific killing induced by proinflam-
matory cytokines. IL-4 treatment of TAP2 knockout 
A549 cells only slightly affected the levels of surface 
HLA-A2-HER2369-377 or HLA-A2-MAGE3271-279 peptide 
complexes and the CD8+ T-cell killing, and produced a 
comparable effect in parental and in TAP2 knockout 
cancer cells with TAP2 re-expression (Supplementary 
Figs. S9C-H). Collectively, these results reveal that IL-4 
reduces TAP2 expression, mimics the effects of TAP2 
downregulation and mediates adaptive immune evasion 
of human lung cancer cells. These results also show that 
the defects in TAP2 induced by IL-4 are not reverted or 
blocked by treatment with proinflammatory cytokines.

IL‑4 is produced by intratumor myeloid cells and blockade 
of the IL‑4 pathway restores T‑cell killing of lung cancer 
cells
To identify the cellular source of IL-4, we spatially 
mapped the IL-4 mRNA production in the tumor micro-
environment of human NSCLCs using QIF. We prior-
itized the in situ analysis of IL-4 mRNA over IL-4 protein 
to minimize the possible (differential) impact of pre-ana-
lytical variables such as warm/cold ischemia and fixation 
time in IL-4 secretion across cases. We simultaneously 
analyzed the expression of TAP2 protein, IL-4 mRNA, 
CD11b mRNA and CK protein in tumor specimens from 
the NSCLC Cohorts #1 and #2. As shown in Figs. 5J-K, 
cancer  cell TAP2 protein downregulation was spatially 
associated with high local IL-4 mRNA expression. The 
IL-4 mRNA transcripts were detected both in CD11b-
expressing intratumor myeloid cells and focally in CK-
positive epithelial malignant cells. Quantification of the 
markers within specific cell type compartments revealed 
higher IL-4 mRNA expression in intratumor myeloid 
cells than in cancer cells, as well as lower TAP2 protein 
levels in cases with high myeloid cell IL-4 mRNA expres-
sion (Figs. 5L-M). Notably, the majority of IL-4+/CD11b+ 
myeloid cells were located within the cancer  cell nests 
and not in the CK-negative stromal tissue compartment 
(Supplementary Figs. S11A-B).

To determine the mechanism mediating TAP2 reduc-
tion by IL-4, we analyzed the chromatin changes by 
ATAC-seq of A549 cells with or without treatment with 
IL-4 and/or proinflammatory cytokines. As shown in 
Fig.  5N control/untreated A549 cells showed a single 
chromatin accessibility peak located in the TAP2 pro-
moter region. Exposure to IL-4 markedly reduced the 
accessibility peak in this region (~ 50% reduction vs con-
trol), and treatment with IFNγ + TNFα increased the 
chromatin accessibility of the TAP2 gene promoter and 
of intragenic regions located in exon 12. The concur-
rent treatment with IL-4 and IFNγ + TNFα prominently 
reduced the peak signals induced by proinflammatory 
cytokines alone and the effect was comparable in both 
the promoter and the intragenic peak (Figs. 5N-P). Treat-
ment with IL-4 also increased the chromatin accessibility 
of the SOCS1 gene promoter region under both con-
trol conditions and after treatment with IFNγ + TNFα 
(Figs. 5Q-R).

To further assess the role of the IL-4 pathway in TAP2 
mediated cancer  cell immune evasion and immuno-
therapy resistance, we studied the role of the IL-4 recep-
tor α (IL-4Rα) blockade in cancer cell elimination using 
primary autologous tumor/immune-cell co-cultures 
obtained from disaggregated human NSCLCs express-
ing low TAP2 levels (Figs. 5S-U and supplementary Figs. 
S12A-C). Pre-incubation of cancer  cells with IL-4Rα 
blocking antibodies alone did not significantly affect 
control/unstimulated cell preparations. In addition, and 
as shown in Fig.  5S, concurrent treatment of malignant 
cells with proinflammatory cytokines and IL-4Rα block-
ade only slightly affected CD8+ T-cell activation as meas-
ured by surface CD25 levels. Exposure of the tumor/
immune cell co-cultures to the PD-1 blocking mono-
clonal antibody Pembrolizumab significantly enhanced 
the effector T-cell activation induced by proinflamma-
tory cytokines and the concurrent blockade of PD-1 and 
IL-4Rα induced higher CD8+ T-cell activation. In addi-
tion, IL-4Rα blockade in the presence of IFNγ + TNFα 
significantly enhanced the autologous T-cell mediated 
cancer  cell killing as measured by Annexin V positivity 
of EpCAM-expressing lung cancer cells and promoted 
the cancer  cell elimination induced by PD-1 blockade 
(Fig. 5T). These responses were absent in primary tumor/
immune cell co-cultures with elimination of T-cells using 
negative selection with CD3-containing magnetic beads 
(e.g. CD3 T-cell eliminated cell suspension or TECS), evi-
dencing that the effect of treatments was solely mediated 
by T-cells (Fig. 5U). Together, these results indicate that 
IL-4 production by intratumor myeloid cells can reduce 
TAP2 expression and mediate immunotherapy resistance 
in human NSCLC.
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TAP2 downregulation in lung cancer cells is reversible 
and can be increased using available compounds
To identify compounds able to restore TAP2, we per-
formed a high throughput pharmacologic screen includ-
ing 2,283 individual compounds in 3 libraries to identify 
agents able to increase TAP2 protein levels in A549 cells. 
The screen included 2 generic libraries of 2,240 FDA 
approved drugs (Pharmacon 1600 and Enzo 640 FDA) 
and 1 library including 43 epigenetic modulators. All the 
compounds were initially screened using a concentration 
of 10  μM and the effect of the compounds was evalu-
ated individually (e.g. single agent) and based on their 
capacity to increase TAP2 protein expression by direct 
immunofluorescence using automated signal quantifica-
tion (Fig. 6A). In addition, the screen included as a sec-
ond parameter the changes in PD-L1 protein levels, with 
the goal of selecting agents able to restore TAP2 with-
out increasing PD-L1 mediated tumor immune evasion. 
As shown in Figs.  6B-D, each library identified positive 
hits with a TAP2 protein fold increase > 1 relative to con-
trol (DMSO as vehicle control) cells. The compounds 
identified in the FDA approved drug libraries included 
several antineoplastic agents such as Dasatinib, Vinorel-
bine, Docetaxel, Vinblastine, Vindesine and Mitomy-
cin; the anti-inflammatory/anti-gout agent Colchicine, 
the cardiac glycosides Digoxin and Ouabain; as well as 
the anti-parasitic/anti-fungal agents Pyrithione Zinc, 
Oxibendazole, Albendazole, Fenbendazole and Podofilox 
(Figs.  6B-C). Notably, multiple compounds were identi-
fied independently in separate libraries, supporting the 
consistency of the findings. Three of the compounds 
identified in the FDA approved libraries were previously 
shown to have anti-tumor activity in NSCLC patients 
alone or in combination with immunotherapy including 
Dasatinib, Vinorelbine and Docetaxel (Fig. 6E). The epi-
genetic library identified 3 compounds able to increase 
TAP2 expression including the non-selective HDAC 
inhibitor Oxamflatin, the HDAC6 inhibitor BML-281, 

and the class-I/II  HDAC inhibitor SAHA/Vorinostat 
(Figs. 6D-E).

To explore the potency and dose–effect response of 
these compounds on TAP2 levels, we expanded the stud-
ies to test multiple concentrations and determine the 
half maximal effective concentration (EC50) of 6 com-
pounds selected from the libraries including Dasat-
inib, Vinorelbine, Docetaxel, Oxamflatin, BML-281 
and SAHA (Fig.  6E). As shown in Figs.  6F-G, the com-
pound with the highest potency was Docetaxel with an 
EC50 of 0.000056 μM followed by Dasatinib with an EC50 
of 0.00025  μM and Vinorelbine with 0.0025  μM. The 
most potent epigenetic modulator was Oxamflatin with 
an EC50 of 0.0000051  μM followed by BML-281 with 
0.00032  μM and SAHA/Vorinostat with 0.16  μM. Fur-
thermore, treatment of A549 cells with the FDA approved 
epigenetic modulator SAHA/Vorinostat increased TAP2 
protein expression by flow cytometry (Figs. 6H-I) and 
enhanced the levels of HLA-A2-HER2369-377 and HLA-A2-
MAGE3271-279 complexes in a concentration-dependent 
manner (Figs.  6J-K). To further assess the role of HDAC 
inhibitors in TAP2-mediated adaptive immune evasion, 
we investigated the cancer  cell killing in co-cultures of 
A549 cells with tumor antigen-specific CD8+ T-cells with 
or without treatment with SAHA. As shown in Fig.  6L, 
SAHA enhanced T-cell mediated cytotoxicity of A549 
cells. Similar results were observed using two selective 
HDAC6 inhibitors, BML281 and WT161 in both A549 and 
PC9 lung cancer cells (Supplementary Figs. S13A-P). Col-
lectively, these results reveal the potential for increasing or 
restoring TAP2 expression in human lung cancer cells and 
suggest the possibility to repurpose available pharmaco-
logic agents to treat patients with TAP2-deficient NSCLC.

Discussion
Our results identify cancer  cell selective TAP2 down-
regulation as a dominant, reversible, and potentially 
actionable mechanism of adaptive immune evasion and 

(See figure on next page.)
Fig. 6  Restoration of TAP2 protein expression induces tumor cell surface antigenicity in lung cancer cells. A Schematic showing the strategy 
for high throughput screening of pharmacologic agents using TAP2 and PD-L1 immunostaining in A549 cells. B-D Representative plots showing 
the upregulation of TAP2 protein (red) or PD-L1 protein (blue) or both (green) in A549 cells treated with individual compounds from the Pharmakon 
1600 library (B), Enzo 640 FDA library (C) and Enzo epigenetic library (D). The scores for each compound were calculated as TAP2 protein level 
fold change and normalized to the vehicle control (DMSO) treated group. E Summary of TAP2 protein inducer compounds selected based 
on representation of all 3 libraries. F-G Dose–response curves to determine EC50 values for TAP2 protein upregulation in A549 cells using selected 
compounds shown in E. H Experimental outline for SAHA/Vorinostat treatment and analysis of A549 cells. I Levels of TAP2 protein measured by flow 
cytometry. J surface HLA-A2-HER2369-377 complexes and K surface HLA-A2-MAGE3271-279 levels measured by flow cytometry. L Levels of apoptotic 
cancer cell death (Annexin V staining) and cell viability (LDH release and MTT assay) of parental A549 cells co-incubated with tumor antigen-specific 
effector CD8+ T-cells using different effector to target cell ratios (1:0, 1:2 and 1:5) with or without treatment with 3.5 µM SAHA. An isotype control 
antibody (IgG) was used as a background signal reference. Data are presented as the mean ± s.d.; *p < 0.05; **p < 0.01; ****, p < 0.0001 determined 
by two-tailed unpaired Student’s t-test. FC, fold change; ns, non-significant; No-Tx, no treatment; MFI, mean fluorescent intensity; TKI, tyrosine kinase 
inhibitor. See also supplementary Fig. S13
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Fig. 6  (See legend on previous page.)
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immunotherapy resistance in NSCLC. Our studies also 
reveal a complex and previously unrecognized mecha-
nism underlying TAP2 downregulation in the protec-
tion of lung cancer  cells to T-cell mediated killing that 
involves: i) limiting the levels of high affinity surface 
class-I HLA-peptide complexes, ii) suppression of pro-
inflammatory signals via SOCS1  upregulation; and iii) 
reduced sensitivity to proinflammatory cytokines. We 
also identify local IL-4 produced by intratumor myeloid 
cells as a critical factor inducing TAP2 downregulation 
in cancer cells and mediating reduced sensitivity to PD-1 
axis blockers (Supplementary Fig. S14). These results 
describe novel functions of TAP2 protein beyond antigen 
presentation and have prominent biological implications. 
Our results can also guide the design of biomarker strat-
egies and therapeutic avenues aiming to restore TAP2 
expression via IL-4 pathway blockade or through alter-
native mechanisms such as selective targeting of IL-4 
producing intratumor myeloid cells and/or use of phar-
macologic compounds.

The spatially resolved analysis by QIF revealed 
that ~ 42.4% of 819 immunotherapy naive primary 
NSCLCs from multiple independent cohorts, and includ-
ing early stage/resectable tumors, show cancer cell selec-
tive downregulation of TAP2 protein. A substantial 
fraction of these cases also displays concurrent TAP1 
downregulation. Previous studies have also identified 
HLA class-I APM component alterations in human 
solid tumors, including NSCLC [37, 38]. The fraction 
of cases displaying TAP1 and TAP2 alterations in our 
study is higher than previous studies in NSCLC rang-
ing from 2.1–7.9% and 18.7–28.78%, respectively using 
genomic/transcriptomics and chromogenic immunohis-
tochemistry. Differences in the approach, including dis-
similar sensitivity of the assay used for the TAP1/2 loss 
identification could partially explain these differences. 
Consistent with our results, previous studies have also 
shown that the alterations in TAP1 and TAP2 proteins 
in cancer  cells are uncommonly associated with delete-
rious genomic alterations and were suggested to occur 
as a consequence of protein dysregulation [3]. The lack 
of structural alterations in the TAP1 and TAP2 genes in 
most human NSCLCs support the possibility of restor-
ing their expression and function using pharmacologic 
interventions.

One notable aspect of our results is the prominent dif-
ference in the frequency of TAP1 and TAP2 cancer  cell 
downregulation in NSCLC, as well as their dissimilar 
impact on surface antigenic peptide abundance and role 
in protection of cancer cells from T-cell attack. Although 
previous studies conducted in non-tumor cells consider 
the TAP transporter to be a heteromeric structure with 
both TAP1 and TAP2 proteins equally represented and 

required for adequate function, an earlier study showed 
that newly synthesized TAP2 proteins are highly unstable 
and require physical association with TAP1 to prevent 
its proteasomal degradation [39]. In addition, chemical 
cross-linking studies indicated that TAP2, but not TAP1, 
can form a homodimer complexes both in whole cells 
and in detergent lysates [40]. A recent study using com-
putational models showed that in the TAP1/TAP2 heter-
odimeric complex, four residues (M196, R380, M413, and 
E417) of TAP2 protein have high affinity to interact with 
HLA  class-I type peptides, compared to only one resi-
due (K483) on TAP1 protein, suggesting that TAP2 has 
a stronger peptide binding function [41]. Together, these 
results suggest that TAP2 downregulation in cancer cells 
could be more energy-efficient and produce a deeper 
immune evasion than TAP1 reduction. Interestingly, 
our transcriptomic analysis revealed that TAP1 expres-
sion is reduced after TAP2 silencing in lung cancer cells, 
and TAP2 is also reduced after TAP1 downregulation, 
supporting interdependency in the expression of these 
proteins.

As expected from its known function in transporting 
relatively short 8–16 amino acid long peptides into the 
ER for HLA loading and subsequent surface membrane 
transport [42], TAP2 downregulation in lung cancer cells 
reduces the levels of immunogenic surface HLA-peptide 
complexes expected to limit the recognition and killing 
by tumor-antigen specific T-cells under proinflamma-
tory conditions. In addition, silencing of TAP2 reduces 
the expression of other APM genes and intracellular 
proinflammatory signaling molecules, and suppresses 
the expression of potent T-cell/NK cells chemoattract-
ants/activators such as CXCL9 and IL-15 [31, 32]. These 
effects are associated with marked upregulation of 
SOCS1, a well-established inhibitor of the IFNγ/STAT 
proinflammatory pathway involved in multiple human 
diseases [33, 43], and could explain lower adaptive anti-
tumor responses and reduced CD8+ TILs in TAP2-defi-
cient NSCLCs. The silencing of TAP2 in malignant cells 
also alters the sensitivity to IFNγ and TNFα, also favoring 
immune evasion. Together, these results indicate a role of 
TAP2 downregulation beyond the HLA class-I APM.

Previous studies have shown that IL-4 secretion by 
cancer  cells can have pro-tumor effects mediated by 
autocrine signaling and suppression of cell death [44, 45], 
or by induction of alternative polarization of immuno-
suppressive tumor associated macrophages (TAMs) [46] 
and monocyte derived suppressor cells (MDSCs) in the 
tumor microenvironment [47]. To our knowledge, our 
study is the first to mechanistically link local IL-4 produc-
tion in the tumor bed with TAP2 reduction, immune eva-
sion, and immunotherapy resistance in cancer. Notably, 
most of the IL-4 mRNA production in human NSCLCs is 
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in CD11b-expressing intratumor myeloid cells support-
ing a multicellular mechanism involving IL-4 production 
by alternatively polarized TAMs/MDSCs signaling in an 
autocrine fashion to induce and/or maintain an immune 
suppressive state of these cells; and paracrine IL-4 sign-
aling on cancer  cells reducing TAP2 expression and 
favoring tumor immune evasion. This is consistent with 
previous studies showing a prominent role of MDSCs in 
lung cancer development [48], the upregulation/overex-
pression of IL-4 receptors in lung cancer  cells [49], and 
the immunostimulatory and anti-tumor effect of IL-4 
blockade using monoclonal antibodies in pre-clinical 
cancer models and recently also in clinical trials [50, 51]. 
It is envisioned that IL-4 signaling can also induce effects 
beyond TAP2 downregulation in lung cancer cells.

Available pharmacologic agents can increase TAP2 
expression in lung cancer cells and could potentially be 
tested in therapeutic clinical trials alone or in combina-
tion with other agents to treat patients with TAP2-defi-
cient malignancies. It is noticeable that some of these 
compounds were previously approved to treat patients 
with advanced NSCLC and can have prominent anti-
tumor effects such as Paclitaxel, Docetaxel and Dasat-
inib. The possible contribution of TAP2 increase in 
their anti-tumor mechanism of action could explain, 
at least partially, the marked immunostimulatory effect 
of some of these treatments [52]. Other compounds 
identified in our screens could also eventually be 
repurposed and used in patients with TAP2-deficient 
NSCLC, if they are able to provide an adequate thera-
peutic index. Consistent with an epigenetic mecha-
nism mediating TAP2 reduction in lung cancer  cells, 
we identified 4 HDAC inhibitors able to increase TAP2 
expression without increasing PD-L1 expression. Addi-
tional work will be required to identify novel and more 
specific compounds able to selectively modulate TAP2 
and potentially exert controlled immunomodulatory 
effects for patients with cancer or autoimmune diseases 
(e.g. compounds that could selectively reduce TAP2 
expression).

We acknowledge the limitations of our work includ-
ing the use of tissue microarrays to study NSCLC patient 
cohorts that examine relatively small tissue areas and 
can over- or underrepresent the tested markers, and the 
inclusion of retrospective cases that were collected at dif-
ferent time-points and treated in a non-uniform fashion. 
However, we and others have validated this approach 
to examine the associations between marker(s) expres-
sion, clinicopathological characteristics of tumors and 
survival in patients with lung cancer [9, 53]. The con-
sistent results obtained across multiple independent 
cohorts also support our findings. Another limitation is 
the unavailability of detailed genomic analysis of possible 

TAP2 gene alterations in human NSCLCs included in 
the study as possible contributors to TAP2 downregula-
tion. We also acknowledge limitations in the determina-
tion of cancer cell TAP1/2 protein downregulation using 
QIF due to the lack of a well established biological refer-
ences to determine relevant cut-points in human tumor 
specimens.

Conclusions
Our work establishes the IL-4 mediated cancer cell TAP2 
downregulation as a novel, dominant and potentially 
actionable mechanism of T-cell immune evasion and 
immunotherapy resistance in human NSCLC and elu-
cidates the mechanism mediating these responses with 
broad biological and potential clinical implications.
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