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 ABSTRACT  Mechanisms of acquired resistance to immune checkpoint inhibitors (ICI) are poorly 

understood. We leveraged a collection of 14 ICI-resistant lung cancer samples to 

investigate whether alterations in genes encoding HLA Class I antigen processing and presentation 

machinery (APM) components or interferon signaling play a role in acquired resistance to PD-1 or 

PD-L1 antagonistic antibodies. Recurrent mutations or copy-number changes were not detected in our 

cohort. In one case, we found acquired homozygous loss of  B2M  that caused lack of cell-surface HLA 

Class I expression in the tumor and a matched patient-derived xenograft (PDX). Downregulation of B2M 

was also found in two additional PDXs established from ICI-resistant tumors. CRISPR-mediated knock-

out of  B2m  in an immunocompetent lung cancer mouse model conferred resistance to PD-1 blockade 

 in vivo , proving its role in resistance to ICIs. These results indicate that HLA Class I APM disruption can 

mediate escape from ICIs in lung cancer. 

  SIGNIFICANCE:  As programmed death 1 axis inhibitors are becoming more established in standard 

treatment algorithms for diverse malignancies, acquired resistance to these therapies is increasingly 

being encountered. Here, we found that defective antigen processing and presentation can serve as a 

mechanism of such resistance in lung cancer.  Cancer Discov; 7(12); 1420–35. ©2017 AACR.       
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INTRODUCTION

Recent regulatory agency approvals of immune check-
point inhibitors (ICI), including programmed death 1 (PD-1), 
programmed death ligand 1 (PD-L1), and cytotoxic T-lym-
phocyte associated protein 4 (CTLA4) antagonist antibod-
ies for multiple advanced solid tumors, have marked a new 
era of cancer therapeutics that will increasingly harness a 
patient’s immune system to kill and control malignancy 
(1). The PD-1 receptor on cytotoxic T cells suppresses 
their activity when bound by its ligands PD-L1 or PD-L2 
(2, 3). Disruption of this negative signal using anti–PD-1 
or anti–PD-L1 antibodies unleashes T-cell effector proper-
ties that lead to tumor cell killing. Similarly, blockade of 
the T  cell–inhibitory molecule CTLA4 stimulates tumor 
antigen-specific immune responses by suppressing inhibi-
tory signals on naïve T  cells and through elimination of 
regulatory T cells (4).

PD-1 axis antagonist antibodies in non–small cell lung 
cancer (NSCLC) can induce durable antitumor responses 
(median duration of response, 12–25 months; refs. 5–12), 
with some responses lasting well beyond 5 years (13). The 
longest follow-up study of patients with NSCLC treated 

with such therapy to date showed an unprecedented 16 
percent 5-year survival rate among patients with pretreated 
advanced NSCLC (13). Currently, the anti–PD-1 agent pem-
brolizumab is approved for use as first- and second-line 
therapy in patients with advanced NSCLCs whose tumors 
express PD-L1 using IHC (10, 11). The PD-1 axis block-
ers nivolumab (anti–PD-1) and atezolizumab (anti–PD-L1) 
are additionally indicated for use as second-line therapy in 
patients with NSCLC regardless of tumor PD-L1 expression 
(6, 8). Anti-CTLA4–directed therapies, like ipilimumab and 
tremelimumab, have shown limited activity as single agents 
in lung cancer (14, 15). However, early-phase studies using the 
combination of CTLA4 and PD-1 axis inhibitors in patients 
with advanced NSCLC have shown encouraging results (16, 
17). Despite the impressive activity of PD-1 axis inhibitors in 
some patients with advanced NSCLC, most patients will not 
benefit from therapy, and the majority of those who respond 
will ultimately develop drug-resistant tumors.

Little is known about mechanisms mediating primary 
and acquired resistance to ICIs in lung cancer. Low nonsyn-
onymous mutation burden has been associated with primary 
resistance to these therapies in melanoma and lung can-
cer (18–20). In NSCLC, tumors with nondetectable PD-L1 
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expression are also less responsive to these agents, although 
there is variability depending on the biomarker used (6, 
8, 10). Whether these factors are also involved in acquired 
resistance to ICIs has not been established. In lung cancer, 
to date, neoantigen loss has been associated with acquired 
resistance to immune checkpoint blockade (21). In mela-
noma, acquired resistance to PD-1 inhibitors can be medi-
ated by tumor cell–autonomous defects in interferon (IFN) 
signaling through JAK1/2-inactivating mutations or defec-
tive HLA Class I antigen processing through deleterious 
mutations in Beta-2 microglobulin (B2M; ref. 22). Further 
underscoring the importance of these pathways for resist-
ance to ICIs, defects in the IFN signaling pathway have 
also been found in melanomas with primary resistance to 
ipilimumab and pembrolizumab (23), and B2M mutations 
were recently found in metastatic colon cancers resistant to 
pembrolizumab (24).

To establish whether IFN signaling and HLA Class I 
antigen processing and presentation machinery (APM) 
alterations contribute to acquired resistance to ICIs in 
lung cancer, we investigated the genomic, transcriptomic, 
and inflammation landscape of lung tumors no longer 
responsive to ICI using both human lung cancer tissue 
and tumors grown as xenografts. Here, we describe find-
ings from analysis of 14 cases of lung tumors resistant to 
ICIs, including 10 cases with available paired pretreatment 
tumor samples.

RESULTS

The Genomic Landscape of ICI-Resistant Tumors

To identify cellular and molecular mechanisms associated 
with acquired ICI resistance, we analyzed ICI-resistant NSCLCs 
collected systematically at our institution between 2011 and 
2016 as part of a repeat biopsy program focused on thoracic 
malignancies. We performed whole-exome DNA sequencing 
on available tumor samples collected from 14 patients at the 
time of resistance to PD-1 axis inhibitors, given either alone  
(n = 10), in combination with a CTLA4 inhibitor (n = 3), or 
with the tyrosine kinase inhibitor erlotinib after progres-
sion on erlotinib alone (n = 1; Fig. 1A and B). For three of 
the cases, we successfully established patient-derived xeno-
grafts (PDX) from the ICI-resistant samples that were also 
analyzed with whole-exome sequencing (WES). Additionally, 
RNA sequencing and quantitative immunofluorescence were 
performed on select specimens for which sufficient mate-
rial was available. Eleven of the 14 cases demonstrated par-
tial response (PR) per RECIST v1.1 upon treatment with 
ICIs before developing resistance while on therapy or less 
than 8 weeks after discontinuing therapy (here classified as 
“acquired resistance”; Fig. 1C). The remaining cases include 
two patients who initially responded to ICIs and then 
recurred more than 8 weeks after discontinuation of ther-
apy (classified as “off-therapy recurrences”) and one patient  
who exhibited simultaneous regression and progression in 

Figure 1.  Analytic process and characteristics of the cohort of cases of acquired resistance to ICIs. A, Schematic representation of the repeat biopsy 
program and sample analysis. Tumor specimens (and corresponding PDXs when available) collected at the time of resistance to ICIs and before treatment 
with ICIs along with germline DNA were analyzed using whole-exome sequencing. For select samples with sufficient material, RNA sequencing and quan-
titative immunofluorescence were also performed. B, Pie chart illustrating the types of therapies received by patients in this study. C, Swimmer’s plot 
indicating time of response, resistance to ICIs, and length of time on therapy for individual patients.
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 different tumor sites (classified as “mixed response”). The 
cohort included squamous (n = 6), nonsquamous (n = 7), and 
mixed squamous/nonsquamous (n = 1) NSCLC; 4 tumors 
harbored mutations in major oncogenic drivers (Supplemen-
tary Table S1). Twelve patients had a ≥15 pack-year smoking 
history. In the 11 acquired resistance cases, the median time to 
resistance was 236 days (33.7 weeks; Fig. 1C). In the two patients 
with off-therapy recurrences, progression developed 361 and 
482 days (51.6 and 68.9 weeks) after discontinuation of the ICI.

The median number of overall somatic mutations per sam-
ple in the pretreatment specimens was 389 (range, 68–9,302; 
Fig. 2A). Of note, the median number of somatic mutations 
found in the pan–lung cancer analysis of data from The 
Cancer Genome Atlas (TCGA) was 261, and 327 in a separate 
study of metastatic lung cancers (18, 25). This difference 
likely reflects the inclusion in our cohort of cases of meta-
static lung cancer (as opposed to resectable cases included 
in the TCGA dataset) and of tumors that responded to ICIs 
(18). First, we investigated whether the number of somatic 
nonsynonymous (NS) mutations changed between pre- and 
ICI-resistant tumors. For this analysis, we studied 8 of the 
11 acquired resistance cases that had paired pretreatment 
tumor material available (Fig. 2; the off-treatment relapses 
and mixed response cases were not included in these analyses 
to minimize potential confounding variables). One of these 
cases (#17) exhibited a hypermutator phenotype with >6,000 
nonsynonymous mutations per tumor. Although our study 
was underpowered to conclusively establish whether the 

mutation load of tumors changed at acquired resistance, we 
found increased mutation load in 6 of 8 paired cases that 
harbored NS mutation burdens ranging from 74% to 356% 
of those of the pretreatment sample (Fig. 2A).

To evaluate the hypothesis that antigenicity of the tumor 
may be altered in ICI-resistant samples, we calculated the 
number of in silico HLA-restricted (i.e., that match the per-
son’s HLA profile) predicted HLA Class I neoantigens in 
tumor samples. As expected, the number of candidate neo-
antigens generally correlated with the number of somatic 
mutations (Pearson correlation r of 0.98, P < 0.0001). Similar 
to the NS mutation burden, when we examined the 8 indi-
vidual pairs of pre- and acquired resistance cases, the num-
ber of neoantigens in the ICI-resistant specimens ranged 
from 71% to 278% of the number in pretreatment specimens 
and increased in 6 of 8 pairs (Fig. 2B). We then examined the 
predicted binding affinities for HLA I alleles of the candi-
date neoantigens identified in the tumor specimens. Overall, 
the distribution of neoantigens predicted to have strong, 
intermediate, and weak binding affinities (strong: IC50 ≤ 50 
nmol/L; intermediate: 50 nmol/L < IC50 ≤ 150 nmol/L; weak: 
150 nmol/L < IC50 ≤ 500 nmol/L) for their corresponding 
HLA I alleles was similar in pretreatment and ICI-resistant 
specimens (Supplementary Figs. S1A and S1B).

Next, we sought to identify mutational signatures in 
the whole-exome sequence data from the complete cohort 
dataset (Fig. 2C). Our analysis revealed that in the majority 
of the tumor specimens the dominant mutation signatures 

Figure 2.  Mutational landscape of acquired resistance to ICIs. Bar graphs showing the (A) somatic mutation burden, (B) neoantigen burden, and (C) 
mutational signatures in preimmunotherapy specimens (P, P1), immunotherapy resistant specimens (IR), and xenografts (X).
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were those associated with smoking, APOBEC mutations, 
and to a lesser extent alkylating agents (refs. 26, 27; Supple-
mentary Fig. S2A). With the exception of two paired cases 
(#10, acquired resistance; #14, off-therapy recurrence), the 
predominant pattern present in the pretreatment specimen 
was retained in the patient-matched, resistant tumor speci-
men (Supplementary Fig. S2B). The hypermutator case 
identified in our cohort (case #17) exhibited a mutation 
signature rich in C>T transitions suggestive of exposure to 
an alkylating agent (26). Indeed, the patient received temo-
zolomide during the course of therapy prior to treatment 
with an ICI.

Acquired B2M Loss upon Acquired  
Resistance to ICIs

Defects in HLA Class I antigen processing and pres-
entation have been documented in cases of resistance to 
several immunotherapies, including IL2, tumor-infiltrating 
lymphocyte adoptive cell therapy, and in one melanoma and 
two colorectal cancer cases of acquired resistance to pem-
brolizumab (22, 24, 28–30). To establish whether genetic 
defects in genes encoding HLA Class I APM components 
were found at resistance to ICIs in our cohort, we surveyed 
72 genes involved in antigen processing and presentation 
(http://www.genome.jp/dbget-bin/www_bget?hsa04612). 
Overall, recurrent mutations and/or copy-number altera-
tions in genes in this pathway were not found in the ICI-
resistant specimens, although we identified several genes 
with acquired mutations, including PSMD13, CD207, 
PSMD4, PSMD7, and PSMD1 (Fig. 3; Supplementary Table 
S2). Copy-number variation analysis showed homozygous 
loss of B2M in one case of acquired resistance to therapy 
(case #23) and heterozygous loss in a second case after 
progression off therapy (case #14). Given the strong genetic 
evidence for progressive loss of B2M in case #23 and the 
well-established role of B2M in HLA Class I antigen pro-
cessing and presentation, we decided to further investigate 
the case with homozygous acquired B2M loss. The patient 
(case #23), a 75-year-old woman with stage IV squamous cell 
carcinoma of the lung, received first-line systemic therapy 
with carboplatin and gemcitabine, and second-line therapy 
with docetaxel. Upon progression with docetaxel, she initi-
ated clinical trial therapy with a PD-L1 antibody combined 
with a CTLA4 antagonist antibody (Fig. 4A). She experi-
enced rapid clinical improvement and radiographic regres-
sion at all sites of disease, including extensive mediastinal 
and hilar adenopathy (Fig. 4A). Trial imaging after 4 months 
of therapy identified a new celiac mass, which revealed 
itself to be a cancerous lymph node, while the patient had 
sustained response at known sites of disease (Fig. 4A). This 
mass was laparoscopically resected, revealing a lymph node 

infiltrated with squamous cell carcinoma, and she continued 
a one-year course of immunotherapy without further disease 
progression. Her disease recurred after nine months without 
systemic therapy, with mediastinal, cervical, and retroperito-
neal adenopathy. She restarted anti–PD-L1 and anti-CTLA4 
therapy with marked second response by CT and PET imag-
ing. Histopathologic analysis of the tumor specimen col-
lected immediately prior to initial ICI therapy demonstrated 
moderately differentiated squamous cell carcinoma with 
no discernible PD-L1 expression on tumor cells, although 
rare PD-L1 expression was appreciated on immune cells 
present in the tumor (Fig. 4B). Considering that the celiac 
mass represented an involved lymph node, characterization 
of infiltrating and surrounding immune cells was limited. 
Of note, an earlier pre-chemotherapy diagnostic specimen 
from a lung biopsy demonstrated a highly inflamed tumor 
that also did not express PD-L1 on tumor cells. The on-
treatment excised celiac mass specimen demonstrated tumor 
involvement of lymph nodes, with sheets of squamous cell 
carcinoma cells separated by areas of uninvolved lymphoid 
tissue (Fig. 4C). Notably, similar to the specimen harvested 
immediately before ICI treatment (“pre-immunotherapy”), 
morphologic evaluation of the histologic specimen stained 
with an anti–PD-L1 antibody from the resistant sample 
did not detect PD-L1 on tumor cells, but showed increased 
PD-L1 expression in surrounding immune cells relative to 
the pre-ICI specimen (Fig. 4C). Copy-number variation anal-
ysis of paired WES data revealed homozygous B2M loss in 
the ICI-resistant specimen (Fig. 4D). Of note, the diagnostic 
pre-chemotherapy specimen had both copies of B2M, but 
harbored a subclonal (non-reference allele frequency of 10%) 
deleterious mutation in B2M (p.M1I) that was not found in 
subsequent specimens. Only one copy of B2M was found 
in the pre-immunotherapy specimen (Fig. 4D). These find-
ings were further confirmed using quantitative real-time 
PCR (Supplementary Fig. S3). To evaluate the levels of B2M 
and HLA Class I protein directly in the patient’s specimens, 
we used multiplexed quantitative immunofluorescence (see 
Supplementary Methods for details). Consistent with the 
genomic data for case #23, we found a statistically significant 
reduction in the level of B2M on the cytokeratin-positive 
tumor cells in the immunotherapy-resistant specimen com-
pared with the tumor sampled prior to immunotherapy 
(Figs. 4E and F, P < 0.0001). Analysis of the levels of HLA I 
(using the HC-10 antibody that detects select HLA-A types, 
HLA-B and HLA-C molecules) revealed reduced levels of HLA 
Class I in the acquired resistance sample (Supplementary Fig. 
S4A and S4B). We also analyzed the levels of B2M and HLA 
Class I in the stromal (cytokeratin-negative) compartment. 
We found that the levels of B2M were also downregulated in 
the stromal compartment at acquired resistance. This could 

Figure 3.  The genomic landscape of antigen processing and presentation pathway genes. Oncoprint generated from whole-exome sequencing data 
from 13 cases. Only genes with alterations are shown. Mutated genes are listed vertically in order of frequency of somatic single-nucleotide mutations or 
copy-number alterations in the preimmunotherapy cases. A case with a hypermutator phenotype (#17) sample was excluded from this analysis. Preimmu-
notherapy specimens are shown on the left and immunotherapy-resistant tumors on the right. *Of note, sample 26-IR1 was collected from a site (adrenal 
metastasis) that responded to a short course of ICI, but progressed during a 2-month delay of treatment when steroids were administered for cerebral 
edema associated with new intracranial disease (sample 26-IR3) and pneumonitis. This site subsequently regressed with reintroduction of ICI. 
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Figure 4.  B2M loss in a case of acquired resistance to immunotherapy. A, Treatment timeline for case #23. After receiving palliative thoracic 
irradiation and two lines of standard chemotherapy, the patient initiated trial therapy with anti–PD-L1 and anti-CTLA4 agents. First on-trial imaging 
assessment demonstrated partial response (see green circles). Imaging after 4 months of therapy showed a new celiac mass (red arrow) with sustained 
response at known sites of disease. After resection of this mass, this patient continued trial therapy, completing the prescribed one-year course, during 
which the patient had no further progression of disease. B and C, Hematoxylin and eosin (H&E), CD8, and PD-L1 immunohistochemical staining of the 
tumors before treatment and at acquired resistance to anti–PD-L1 and anti-CTLA4 blockade. Scale bars, 250 µm. D, Copy-number variation analysis of 
paired tumor specimens and a PDX derived from the immunotherapy-resistant tumor specimen revealed acquired homozygous loss of B2M at the time 
of acquired resistance to anti–PD-L1 and anti-CTLA4 blockade. E and F, Multiplex quantitative immunofluorescence (QIF) of B2M in pre-immunotherapy 
and immunotherapy-resistant tumor tissues from case #23. E, Bar graph depicting the levels of B2M in whole tumor sections from pre-immunotherapy 
and immunotherapy-resistant samples measured using multiplex quantitative immunofluorescence and quantified with AQUA software. Numbers in 
the individual bars represent total fields of view analyzed. Statistical significance was calculated using the Mann–Whitney test. ****, P < 0.0001. AU, 
arbitrary units. F, Multiplex immunofluorescence image representing one field-of-view (FOV), showing the expression of B2M (purple) specifically in the 
tumor compartment represented by cytokeratin positive epithelial cells (green) and nuclear staining with DAPI (blue) respectively. Scale bar, 100 µm. AR, 
acquired resistance; CK, cytokeratin; RT, radiation therapy.
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reflect the presence of lower levels of IFNγ in the absence of 
a less-abundant and activated T-lymphocyte infiltrate. HLA 
Class I levels, however, were upregulated in the stroma (Sup-
plementary Fig. S4C and S4D, P < 0.0001) at acquired resist-
ance to checkpoint blockade. The functional importance of 
these findings remains to be determined.

To further investigate the extent to which reduced B2M 
levels and consequent reduced levels of cell surface HLA 
Class I are observed in tumors at acquired resistance to ICIs, 
we surveyed 3 PDX models derived from specimens that were 
resistant to ICIs and included in our cohort (cases #8, #23, 
and #26) and two additional models derived from tumors 

with primary resistance to immune checkpoint blockade not 
included in the cohort (cases #7 and #3; see Supplementary 
Table S1). Consistent with our copy-number analysis, the 
PDX derived from case #23’s ICI-resistant tumor showed 
total B2M protein loss. Although the other 4 PDXs gener-
ated had evidence of B2M expression, the levels of B2M were 
low in the PDXs derived from cases #26 and #7 (Fig. 5A). 
Consistent with the Western analysis, using flow cytometry 
to analyze PDX-derived tumor cells, we found a lack of B2M 
expression on the case #23–derived PDX and low levels of 
the protein on PDX-derived cases #26 and #7 in contrast 
to cases #3 and #8 (Fig. 5B). We did not detect HLA Class I 
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Figure 5.  Defects in HLA Class I antigen processing and presentation in ICI-resistant tumors following B2M loss. A, Western blot analysis showing the 
absence of B2M protein expression in a PDX from case #23 generated at the time of acquired resistance to anti–PD-L1 and anti-CTLA4 blockade. Also 
shown is B2M protein expression in 4 PDXs established from other patients with tumors resistant to PD-1 pathway blockade (cases #26, #3, #7, and #8). 
B, Flow-cytometry analysis for expression of B2M on PDX samples from cases #26, #3, #23, #7, and #8. C, Flow-cytometry analysis of PDXs derived from 
cases #26, #23, #7, and #8 for B2M and HLA-I cell-surface expression following intratumoral injection of either PBS or IFNγ. Each flow plot represents an 
independent mouse tumor used for these studies.
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expression by flow cytometry in cases #23 and #7 (Fig. 5C), 
therefore indicating the inability of these tumors to pre-
sent tumor antigen-derived peptides to cognate T cells. To 
determine whether the HLA Class I downregulation found 
in these cases was caused by defects in the IFNγ pathway, 
we performed intratumoral injections of human IFNγ into 
established PDX tumors, and then we examined tumors for 
IFNγ pathway activation by measuring the levels of phos-
phorylated STAT1 (pSTAT1) and B2M by Western blot and 
B2M-associated HLA Class I heavy chain expression by flow 
cytometry. As expected, case #8, which had robust baseline 
B2M expression, showed increased pSTAT1 and increased 
numbers of cells expressing B2M and cell-surface HLA 
Class I in the CD45-negative fraction of the tumor prepara-
tion following IFNγ treatment (Fig. 5; Supplementary Fig. 
S5). In the case with B2M genomic loss (case #23), STAT1 
phosphorylation increased without increases in either B2M 
or HLA Class I upon IFNγ stimulation (Supplementary Fig. 
S5). In the two cases with low baseline B2M, we found that 
both pSTAT1 and B2M were increased following IFNγ treat-
ment (Supplementary Fig. S5). However, in only one (case 
#26) was this accompanied by increased cell-surface HLA 
Class I in CD45-negative cells, suggesting that responsive-
ness of the tumor to IFNγ was intact (Fig. 5C). In case #7, 
we did not observe a robust increase in HLA Class I antigen 
expression on tumor cells, suggesting that this tumor lacks 
the ability to fully respond to IFNγ (Fig. 5C).

Next, we surveyed the panel of pre-ICI and ICI-resistant 
cases for which sufficient tissue was available (8 acquired 
resistance and 1 post-therapy relapse) in our cohort for B2M 
and HLA Class I protein levels, specifically in cytokeratin-pos-
itive tumor cells using multiplexed quantitative immunofluo-
rescence. We found significantly reduced levels of HLA Class 
I (4/9 cases) and B2M (3/9 cases) at resistance, including case 
#23 (Supplementary Fig. S6). Notably, we could also detect 
increased expression of HLA Class I and/or B2M in tumor 
cells in some acquired resistance cases (i.e., cases #10, #11, 
#19, #24, #17, and #16) at acquired resistance, which could be 
related to enhanced (and possibly futile) immune activation 
induced by the ICI.

B2m Loss Confers Resistance to Anti–PD-1 
Therapy In Vivo in an Immunocompetent  
Syngeneic Model

To further explore the role of B2M in mediating resist-
ance to immune checkpoint inhibition, we examined the 
level of B2M protein in a murine carcinogen-induced lung 
cancer cell line, UNSCC680AJ, which has been shown to be 
sensitive to anti–PD-1 therapy (31). To test if B2M expres-
sion affects sensitivity to checkpoint inhibitors in vivo, we 
used CRISPR-mediated techniques to knockout B2m in 
this cell line (Fig. 6A). We injected B2m wild-type or B2m 
knockout UNSCC680AJ cells into the flanks of syngeneic 
immunocompetent A/J mice. When the tumor volumes 
reached approximately 30 mm3, mice were randomized to 
receive either anti–PD-1 or isotype control antibody. UN-
SCC680AJ tumors with intact B2m responded to anti–PD-1 
treatment, whereas tumors composed of B2m knockout 
cells progressed through PD-1 blockade (Fig. 6B). Because 
an important aspect of antitumor CD8 T cells is the ability 

to kill target tumor cells (32), we assessed the cytotoxic-
ity of UNSCC680AJ tumor-specific CD8 T cells toward 
both the control (empty vector) and the B2m knockout 
UNSCC680AJ tumor cell lines. A significant defect in the 
overall killing of B2m knockout cells, in particular at the 
highest effector/target ratio (1:1; Fig. 6C), was observed. 
Furthermore, we did not see appreciable cytotoxicity of 
either UNSCC680AJ cell line in the presence of splenic CD8  
T cells (Fig. 6D), suggesting that the observed cytotoxicity 
is tumor specific.

Genomic Alterations in IFN Signaling  
in Resistant Tumors

Because genetic defects in IFN pathway–related genes have 
been associated with primary and acquired resistance to ICIs, 
we compiled a list of 101 IFN pathway–related genes (33) and 
queried them for mutations and copy-number alterations 
in our cohort (excluding the hypermutator, case #17, that 
was examined separately; Supplementary Fig. S7). Acquired 
missense mutations were identified in IFNAR2, TYK2, IL15, 
IL2RB, and IFIH1 (Supplementary Table S3). All of these 
mutations had a <30% allelic frequency, suggesting that they 
were heterozygous mutations. The functional significance 
of these alterations is unclear. Indeed, with the exception 
of the A540V mutation in IFIH1, S49T mutation in IL2RB 
(we found an S49I mutation in our cohort), and N58fs in 
IFNAR2 (we found an N58K mutation in our cohort), the 
specific missense mutations are not found either in the 
Catalogue of Somatic Mutations in Cancer (COSMIC) or in 
cBioPortal. The resistant specimen from the hypermutator 
case #17 also had several acquired mutations in the IFNγ 
pathway (Supplementary Table S3). Notably, we found a 
mutation in JAK1 at a residue encoding the SH2 domain of 
the protein (P429L) that had a ∼50% allele frequency. When 
we adjusted for tumor purity and recalculated the predicted 
allele frequency of the mutation, it increased to 67%. Adja-
cent residues 430 and 431 are frameshift mutation hotspots 
in this gene in several types of cancer (www.cbioportal.org), 
and a P429S mutation was recently described in a melanoma 
with primary resistance to immune checkpoint blockade 
that had a defective response to induction with type I and 
type II interferons (23). We did not find additional JAK1/2 
mutations in our cohort.

An Inflammatory Microenvironment Is Present at 
Acquired Resistance to Immunotherapy

To further explore mechanisms of resistance to ICIs, 
we performed RNA sequencing on seven paired cases in 
our cohort with sufficient tissue which included case #23 
(with B2M loss). Broad upregulation of immune inhibi-
tory receptor genes was appreciated at resistance, includ-
ing genes encoding LAG3, PD-1, TIGIT, 2B4, CTLA4, and 
to a lesser extent TIM3 (Fig. 7A). The increase in LAG3 was 
statistically significant (Fig. 7A, P < 0.05). Interestingly, 
although the expression of PD-L1 remained unchanged 
upon resistance to immune checkpoint blockade, PD-L2 
expression increased on average 7.7-fold in these resist-
ant specimens (Fig. 7B). Additionally, although receptors 
responsible for T-cell activation were generally upregu-
lated in the resistant specimens (Fig. 7A), we observed that 
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Figure 6.  B2m loss confers resistance to anti–PD-1 therapy and impairs CD8 cytotoxicity in vivo (A) Western blot analysis of B2M expression in 
UNSCC680AJ lung cancer cells transfected with a plasmid expressing Cas9 and a sgRNA targeting B2m (sgB2m polyclonal). Additionally, single-cell 
sorting identified clonal populations where B2M expression was absent (sgB2m monoclonal). B, 5 × 105 UNSCC680AJ cells from the monoclonal B2M-null 
popu lation and vector control cells were injected into the dorsal flanks of A/J mice subcutaneously. Tumors were allowed to grow to approximately 30 
mm3 before administration of 100 µg of anti–PD-1 or isotype control via intraperitoneal injection every 3 days. Tumors were measured every 3 days with 
a caliper, and tumor volumes were calculated. Data are presented as the mean tumor volume ± SEM. The size of the tumors in the B2m wild-type and B2m 
knockout lines treated with anti–PD-1 were compared at the indicated time points using a t test. ***, P < 0.001; ****, P < 0.0001. Additionally, cytotoxicity 
assays were performed to assess the percentage of viable target cells [empty vector (EV) UNSCC680AJ or sgB2m UNSCC680AJ] after coculturing the 
cell lines in vitro with EV UNSCC680AJ tumor-infiltrating CD8 T cells (C) or T cells from the spleen (D). Data represent n = 2 mice, with error bars denoting 
standard error of the mean.
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gene expression in four of five corresponding T cell–acti-
vating ligands we examined, including 4-1BB-L, ICOS-L, 
OX40-L, and CD40-L, was unchanged or downregulated at 
resistance (Fig. 7B). This analysis also revealed increased 
expression of CD8 T-cell effector molecules at resistance, 
including GZMB (P < 0.05), TNFα, and IFNγ (Fig. 7C). 
To establish whether these findings were observed at 
the protein level, we performed multiplexed quantitative 
immunofluorescence on matched tumors with available 
tissue from eight cases for localized measurements of 
the immune inhibitory receptors PD-1, LAG3, and TIM3 
and seven matched cases for the T-cell activation mark-

ers Ki-67 and GZMB in CD3+ T lymphocytes. Consistent 
with the RNA-sequencing data, we found upregulation of 
PD-1 and LAG3 in five of eight cases examined, whereas 
TIM3 levels were increased in only three of eight cases at 
acquired resistance (Fig. 7D and E; Supplementary Fig. 
S8). In most cases, Ki-67 was uniformly upregulated in T 
cells in the acquired resistance specimens compared with 
pretreatment cases, whereas GZMB showed a more vari-
able pattern (Fig. 7F and G). Overall, these data support 
the presence of a more inflammatory microenvironment 
in tissues following treatment with the ICIs compared 
with pretreatment specimens.
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DISCUSSION

Approximately 20% of unselected patients with advanced 
NSCLC will respond to either PD-1 or PD-L1 inhibition, 
and studies to explore ways to overcome primary resistance 
are ongoing. However, of equal importance, the majority of 
patients who initially benefit from these therapies eventually 
develop drug-resistant disease. Currently, we have a limited 
understanding of the mechanisms that enable such resist-
ance in lung cancer. By analyzing serial tumor specimens 

from patients with NSCLC who have acquired resistance to 
PD-1 axis inhibitors, we report the first example of impaired 
HLA Class I antigen processing as a mechanism of acquired 
resistance to ICIs. In one case presented here, we identi-
fied homozygous B2M loss in a tumor that had acquired 
resistance to combined anti–PD-L1 and anti-CTLA4 therapy. 
B2M is an essential component of the HLA Class I complex, 
and tumor B2M deficiency (or defective cell surface HLA I 
expression) has been implicated in immune escape and as a 
negative prognostic factor in several types of cancers (34–39). 

Figure 7.  RNA sequencing and tumor immunoprofiling of T cell–inhibitory and activation markers in tumor tissues from patients pre-immunotherapy  
and at resistance to ICIs. Ratio of normalized RNA sequencing–derived read counts of T cell–inhibitory and activating receptors (AR; A), ligands (B), 
and effector molecules (C) in immunotherapy-resistant specimens (n = 7) compared with pre-immunotherapy specimens (n = 4). D–F, Quantitative 
immunofluorescence analysis showing the levels of the immune-inhibitory molecule LAG3 (D), the T-cell exhaustion marker PD-1 (E), T-cell activation 
effector molecule Granzyme B (GZB; F) and T-cell proliferation marker Ki-67 (G) in CD3-positive tumor-infiltrating lymphocytes (TIL) in paired pre- and 
post-immunotherapy tumor samples as quantified using the AQUA software. Numbers in the individual bars represent total fields of view analyzed. 
Statistical significance was calculated using the Mann–Whitney test. P1, pre-immunotherapy; IR, immunotherapy resistant. ****, P < 0.0001; ***, P < 0.001; 
**, P < 0.01; *, P < 0.05.
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It has additionally been implicated as a mechanism of resist-
ance to immunotherapies, including T cell–based therapies 
and vaccination in patients with advanced melanoma (29, 
40). Recently, a case of advanced melanoma with acquired 
resistance to the anti–PD-1 antibody pembrolizumab, pre-
sumably mediated by B2M deficiency, was reported (12). 
This patient’s resistant tumor harbored a homozygous 
B2M-truncating mutation, with loss of cell-surface HLA 
Class I expression. Additionally, B2M alterations were also 
described in two ICI-resistant brain metastases from patients 
with mismatch repair–deficient colorectal cancer (24). In 
our case, we detected a deleterious B2M mutation in the 
diagnostic specimen (at low allelic frequency), which was 
lost during treatment with chemotherapy, at which point 
heterozygous loss of the gene was detected. Total B2M loss 
at the time of acquired resistance to ICI therapy was subse-
quently identified. Supporting this mechanism, we demon-
strate ICI therapy resistance induced by CRISPR-mediated 
B2m knockout in an immunocompetent lung cancer mouse 
model. Beyond B2M homozygous loss, we did not find clear 
evidence of additional individual alterations that impair 
HLA Class I antigen processing and presentation. However, 
we did find multiple heterozygous mutations or monoallelic 
copy-number variations (CNV) in tumors in this pathway in 
our cohort. Further studies to establish the consequences of 
these alterations on HLA Class I antigen processing and pres-
entation are ongoing. One hypothesis is that although none 
of these events alone are sufficient to downmodulate antigen 
presentation, multiple hits together in the same pathway 
could have this effect, similar to how hemizygous loss of 
multiple contiguous tumor suppressor genes can affect tum-
origenesis (41, 42). Further supporting the potential for a 
role of defective antigen processing and presentation defects 
in mediating resistance to ICIs, we found that three out of 
five PDXs generated from ICI-resistant tumors exhibited 
B2M downregulation, and two of these also had either loss 
or barely detectable levels of cell-surface HLA Class I expres-
sion. However, genomic B2M loss was found in only one of 
the cases studied, suggesting that additional genomic or 
nongenomic mechanisms beyond B2M loss can lead to HLA 
Class I downregulation and may contribute to resistance to 
ICIs. In particular, epigenetic alterations and activation of 
signaling pathways that downmodulate cell-surface HLA 
Class I expression could play a role in resistance to ICIs.

These data support future efforts to comprehensively 
assess and conclusively establish the contribution of defects 
in antigen processing and presentation to acquired resist-
ance to ICIs. Moreover, because genetic defects in antigen-
processing machinery genes have been found in ∼5% of lung 
cancers and have been linked to reduced survival upon treat-
ment with ICIs (25, 43), the contribution of this pathway to 
primary resistance in lung cancer should also be considered.

In our study, we functionally demonstrate in an immu-
nocompetent mouse model that knockout of B2m confers 
resistance to immune checkpoint blockade. This experiment 
serves several purposes. First, it confirms experimentally that 
tumor cell–autonomous loss of B2M mediates resistance to 
ICIs. Second, by modeling resistance in vivo in an immuno-
competent setting, it is now possible to study the molecular 
and immunologic alterations that occur in tumors with 

antigen-processing defects. Third, this platform can be used 
to further investigate the functional role of genomic altera-
tions found in resistant tumors, such as mutations in APM 
and interferon pathway genes described in Fig. 3 and Sup-
plementary Fig. S7.

Studies of resistance to targeted therapies in lung cancer 
have revealed that multiple different mechanisms can lead 
to drug resistance, including mutations in the drug targets, 
activation of bypass signaling pathways, and alterations in 
the tumors that render them less dependent on the thera-
peutic target. A parallel with the latter resistance mechanism 
can be drawn, in the case of acquired resistance to ICIs, with 
mutations in the APM or loss of neoantigens, which render 
the tumors less susceptible to attack by immune cells. This 
raises the question of whether other similarities with resist-
ance to targeted therapies are observed. We did not find 
strong evidence of acquired alterations in genes encoding 
the therapeutic targets in our dataset such as mutations or 
copy-number variations in PDCD1, CD274, and CD152. In 
only the hypermutator (case #17) we found evidence of an 
acquired missense mutation in PDCD1. Whether this is a 
passenger or a driver mutation in this tumor remains to be 
determined given the large number of mutations in the sam-
ple. Moreover, it is unclear what the consequences of a muta-
tion in PDCD1, presumably on tumor cells, would be given 
that PD-1 is expected to function in T cells, although tumor 
cell–autonomous functions have been reported (44). We also 
investigated whether bypass signaling mechanisms via upreg-
ulation of compensatory immune inhibitory molecules were 
found in the resistant tumors. Transcriptomic and immu-
nofluorescence analysis of a subset of the resistant tumors 
indeed revealed upregulation of several immune-inhibitory 
receptors, including LAG3, PD-1, TIGIT, 2B4, TIM3, and 
the PD-L2 ligand, which individually or collectively could 
account for the resistance in some of the samples. Indeed, 
upregulation of the immune inhibitory receptor TIM3 on  
T cells has been described to contribute to adaptive resistance 
to PD-1 blockade in mouse models and patient specimens 
(45). Experiments to investigate these scenarios are needed to 
shed light on the role of these genes and pathways in acquired 
resistance.

Although this study has limitations, this is one of the larg-
est datasets of ICI-resistant NSCLC tumors reported to date. 
Because the use of ICIs is relatively recent and responses are 
usually prolonged, the number of cases that we have analyzed 
to date is limited. We therefore cannot accurately estimate the 
fraction of tumors in which defective antigen presentation 
either through B2M loss or other alterations will contribute 
to acquired resistance to ICIs. Given the recent approvals of 
pembrolizumab, nivolumab, and atezolizumab for NSCLC, 
we anticipate that the number of specimens available for 
study will increase in coming years, allowing us to address 
this issue. Another limitation in this study comes from het-
erogeneity in the sites of tumor sampling. In only one case 
(#16, an off-therapy recurrence case) was the same tumor site 
sampled pretreatment and at acquired resistance to ICIs. We 
therefore cannot exclude that some of the alterations found 
between pre- and posttreatment specimens are independent 
of the exposure to ICIs. Furthermore, six of ten patients with 
paired pre-ICI and ICI-resistant tumor specimens analyzed 
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had received systemic therapy between pre-ICI specimen col-
lection and initiation of ICI therapy. Hence, acquired altera-
tions potentially attributable to these therapies cannot be 
excluded. Finally, one of the caveats of this study is that we do 
not have biopsies from patients’ responding sites while they 
are receiving therapy for comparison, and we therefore can-
not determine how the inflammatory milieu found at resist-
ance compares with that observed in a responding tumor.

In conclusion, our study provides the first evidence that 
defective antigen processing can emerge as a mechanism of 
acquired resistance to ICIs in lung cancer. Future studies into 
the frequency with which these defects occur and the underly-
ing mechanisms that lead to them will be important to under-
stand and overcome resistance to these immunotherapies.

METHODS

Patients and Tumor/Blood Specimens

Patients with advanced NSCLC who developed progression to PD-1 

axis inhibitor therapy provided consent and were enrolled to a Yale 

University Institutional Review Board–approved protocol, in accord-

ance with ethical guidelines, allowing the collection and analysis of 

clinical data, archival and fresh tissue, and blood, and the generation of 

PDXs. For genomic studies, formalin-fixed paraffin-embedded (FFPE) 

tissue was macrodissected to enrich for tumor material. All of the 

tumor samples analyzed had a purity >20% as assessed from the WES 

data. Patient samples are indicated as “P” for pre-immunotherapy, 

with “P1” indicating samples collected nearer to initiation of immuno-

therapy and “IR” for immunotherapy resistant.

WES and Somatic Mutation Analysis

Genomic DNA was captured on the NimbleGen 2.1M human 

exome array and subjected to 74 base paired-end reads on the 

Illumina HiSeq2500 instrument. The mean coverage for normal 

was 103×, and the mean coverage for tumor was 259×. Sequence 

reads were mapped to the reference genome (b37 build) using 

BWA-MEM. Sequence reads outside the targeted sequences were 

discarded, and the statistics on coverage were collected from the 

remaining reads using in-house perl scripts. Somatic mutations 

were called by MuTect2. For all somatic mutations called, we 

extracted base coverage information in all samples and consid-

ered the mutations that were supported by at least two sequence 

reads covering nonreference alleles and present in more than 5% 

of all sequencing reads. Identified variants were further filtered 

based on their presence in repositories of common variations 

(1000 Genomes, NHLBI exome variant server, and 2,577 noncan-

cer exomes sequenced at Yale). For analysis of the PDXs, we used 

Xenome to classify the sequence reads and filter out the mouse 

sequence reads prior to alignment (46).

Cell Lines and PDXs

The UNSCC680AJ cell line utilized in these studies was obtained 

in 2016 and authenticated via Sanger sequencing for a known altera-

tion in Kras (an A59T mutation). The cell line was also tested for 

Mycoplasma and murine viral contamination by the Yale University 

Molecular Diagnostics Laboratory prior to the experiments reported 

here. PDX tumors were authenticated by comparative analysis of 

WES data of the PDX tumor tissue to the patient’s tumor tissue at 

the same stage of disease. The PDXs used in this study maintained 

96% (median) of the somatic single nucleotide variants observed in 

the corresponding patient tumor tissue. All PDXs were housed under 

guidelines approved by the Yale University Institutional Animal Care 

and Use Committee (IACUC).

Copy-Number Analysis

Copy-number analysis was performed on WES data using EXCA-

VATOR software. Briefly, GC content, mappability, and exon size 

were calculated from the exome and used for exon mean read count 

data normalization. The hidden Markov model based algorithm was 

used to determine the boundary of each CNV and each segmented 

region was called into five copy-number states (homozygous dele-

tion, heterozygous deletion, normal copy number, homozygous copy 

gain, or multiple copy gain) using the FastCall procedure, which is an 

algorithm based on a mixture model.

Targeted copy-number analysis was performed for hit validation with 

TaqMan copy-number assays. For these studies, genomic DNA from 

tumors or PDXs was extracted using the DNeasy Blood and Tissue Kit 

(Qiagen #69504). Quantitative PCR was performed with TaqMan copy-

number assays (Thermo Fisher Scientific) using a ViiA7 Real-Time PCR 

System (Thermo Fisher Scientific). Briefly, 10 ng of genomic DNA was 

used in each reaction. Amplification was carried out for 40 cycles (10 

minutes at 95°C, 15 seconds at 95°C, 60 seconds at 60°C). Triplicate CT 

values were averaged and normalized to genomic DNA from normal ton-

sil. The TaqMan copy-number reference assay human RNaseP was used 

for all the reactions. Copy number was evaluated as an average and cal-

culated as 2*2^−((B2M Ct-RNaseP Ct from PDX)-(B2M Ct-RNaseP Ct from tonsil)). B2M copy 

number was evaluated using two independent assays—Hs00112422_cn 

and Hs03900880_cn—and the data presented are representative of the 

average of these two assays ± the standard error of the mean.

Whole-Transcriptome Sequencing

RNA was isolated using RNeasy FFPE kit (Qiagen, #73504). Total 

RNAs were sequenced on the Illumina HiSeq2500 generating a mean 

of 57.3 million 76-bp pair-end reads. The low quality base (base quality 

score < 20) in the last position of the reads was trimmed. The high-

quality sequencing reads were aligned to the reference human genome 

sequence build, hg19, using TopHat v2.1.1, and the raw number of reads 

mapped on to each gene was counted by HTSeq 0.6 (47, 48). The counts 

were normalized based on the library size by DESeq2 (49), and differ-

ential expression between pre-immunotherapy and immunotherapy-

resistant samples was tested by use of the negative binomial distribution.

Immunoblotting

Flash-frozen xenograft tissue was crushed and lysed in RIPA 

buffer (50 mmol/L Tris [pH 8], 150 mmol/L NaCl, 5 mmol/L 

MgCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) 

supplemented with a protease and phosphatase inhibitor cock-

tail (Thermo Scientific #78440). Clarified lysates were subjected 

to SDS-PAGE and transferred onto nitrocellulose membranes. 

Membranes were blocked for 30 minutes in 5% nonfat dry milk 

in TBS-T buffer followed by incubation with the following anti-

bodies: human B2M (Cell Signaling Technology, #12851, 1:1,000), 

mouse B2M (Abcam, ab75853, 1:1,000), phosphorylated STAT1 

(Cell Signaling Technology, #14994, 1:1,000), and β-actin (Santa 

Cruz Biotechnology, sc-47778, 1:2,000). A horseradish peroxidase– 

conjugated anti-rabbit secondary was used (Cell Signaling Technol-

ogy, #7074, 1:2,000). Signal detection was achieved using SuperSignal 

West Pico chemiluminescent substrate (Pierce Biotechnology).

Flow Cytometry

PDXs generated from biopsy specimens were mechanically dis-

sociated by Miltenyi GentleMACS in RPMI + 10% human serum and 

passed through a 70-µm nylon mesh to create single-cell suspensions. 

Cells were stained with anti-human B2M (Clone 2M2, BioLegend) 

and anti-HLA Class I (Clone W6/32, BioLegend) for 30 minutes on 

ice. As a staining control for B2M and HLA I, a B lymphoblast cell line 

deficient in B2M (Daudi cells) was stained and analyzed in parallel. In 

addition, Daudi cells with overexpressed B2M were used as positive 

controls for B2M and HLA I staining.
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Immunohistochemistry

The blocks of FFPE tissue were cut into 4-µm sections. After 

antigen retrieval, the sections were stained with either a mouse anti–

PD-L1 monoclonal antibody (Dako, clone 22C3) or an anti-CD8 

antibody (Dako, Clone 144B) with appropriate positive and negative 

controls.

Syngeneic Tumor Model

The murine lung cancer cell line UNSCC680AJ was cultured 

in RPMI-1640 medium + L-glutamine (Corning), supplemented 

with 10% heat-inactivated bovine serum (Atlanta Biologicals) and 

1% penicillin/streptomycin (Corning), and was routinely tested for 

Mycoplasma.

A polyclonal B2M knockout UNSCC680AJ cell line was generated 

by transfection of the PX459 v2.0 plasmid (#62988; Addgene) con-

taining Cas9- and B2m-specific sgRNA: 5′-AGTATACTCACGCCAC 

CCAC-3′. The B2M polyclonal knockout cell line was selected for  

2 days in 0.7 µg/mL of puromycin containing complete RPMI media. 

After 2 days of selection, cells were single-cell sorted using a flow 

cytometer, and resulting clones were screened for B2M deficiency via 

Western blotting.

A/J wild-type mice (age, 3–6 weeks) were purchased from The 

Jackson Laboratory (Stock #000646). All animals were kept in path-

ogen-free housing under guidelines approved by the Yale University  

IACUC. Briefly, 5 × 105 UNSCC680AJ cells were subcutaneously 

injected into the right flank of A/J mice. Antibody treatment started 

when the tumor volume reached approximately 30 mm3. Anti–PD-1 

(RMP1-14, BioXCell) was injected intraperitoneally at a dose of 100 

µg every 3 days for a total of five injections. Isotype-matched IgG 

(2A3, BioXCell) was administered as a control. The tumor volume 

was measured every 3 days and was calculated using the following 

formula: volume = length × width2 × 0.52.

Cytotoxicity Assay

UNSCC680AJ empty-vector tumors were dissected from the mice 

and CD8 T cells were isolated from the tumors and spleens using the 

EasySep Mouse CD8+ T Cell Isolation Kit (STEMCELL Technolo-

gies). UNSCC680AJ empty-vector or B2M knockout cell lines were 

then cocultured in vitro with the UNSCC680AJ empty-vector tumor-

infiltrating (or spleen) CD8 T cells for 24 hours at the effector/target 

(E/T) ratios of 0:1, 1:2, and 1:1. Cells were subsequently stained 

with anti–CD45-Pacific Blue (BioLegend), anti–CD3-APC-eFluor 780 

(eBioscience), and anti–CD8-PE (BioLegend) at 4°C for 30 minutes. 

The cells were then washed, stained with a 7-AAD staining solution 

(BD Biosciences) for 30 minutes at 4°C, and analyzed by flow cytom-

etry. Target cell killing by tumor-specific CD8 T cells was determined 

using the following formula adapted from previous reports (50, 51): 

Percentage of adjusted tumor cell death = (%7AAD+ CD45− cells with 

effector T cells – %7AAD+ CD45− cells without effector T cells). Spon-

taneous cell death was lower than 6% in all experiments.

Data Archived

Data have been archived at https://www.ncbi.nlm.nih.gov/gap and 

can be accessed under the study accession number phs001464.v1.p1.
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