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Abstract

Loss of the B2M gene is associated with tumour immune escape and resistance to im-
munotherapy. However, genetic alterations of the B2M gene are rare. We performed
an integrative analysis of the mutational and transcriptional profiles of large cohorts of
non-small-cell lung cancer (NSCLC) patients and found that epigenetic downregulation
of B2M is common. B2M-low tumours exhibit a suppressive immune microenvironment
characterized by reduced infiltration of immune cells of various lineages; in B2M-high
tumours, more T and natural killer cells are present, but their activities are constrained by
immune checkpoint molecules, indicating the diverse mechanisms of immune evasion.
High levels of B2M mRNA, but not PD-L1, are correlated with an enhanced response to
PD-1-based immunotherapy, suggesting its value for immunotherapy response predic-
tion in solid tumours. Notably, a high tumour mutation burden (TMB) is associated with
low B2M expression, which may explain the poor predictive value of the TMB in some
situations. In syngeneic mouse models, genetic ablation of B2M in tumour cells causes
resistance to PD-1-based immunotherapy, and B2M knockdown also diminishes the
therapeutic efficacy. Moreover, forced expression of B2M in tumour models improves
the response to immunotherapy, suggesting that B2M levels have significant impacts on
treatment outcomes. Finally, we provide insight into the roles of transcription factors
and KRAS mutations in B2M expression and the anticancer immune response. In conclu-
sion, genetic and epigenetic regulation of B2M fundamentally shapes the NSCLC im-
mune microenvironment and may determine the response to checkpoint blockade-based

immunotherapy.
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INTRODUCTION

The clinical use of immune checkpoint blockade (ICB), in-
cluding PD-1 and PD-L1 antibodies, has significantly im-
proved the overall survival of patients with advanced lung
cancer [1,2]. However, innate and acquired resistance to ICB
treatment are common in lung cancer, and the mechanisms
of resistance are not fully understood, which not only hinders
the selection of patients but also limits the long-term ben-
efits of treatments [3-5]. The critical role of the B2M gene
in immunotherapy resistance was recognized when a genetic
deletion of B2M was identified in a melanoma patient who
acquired resistance to a PD-1 inhibitor [6]. B2M, also known
as f2-microglobulin, is the p chain of MHC class I molecules
and an essential component in MHC-I antigen processing and
presentation [7]. Peptides from neoantigens bind to MHC-I
molecules composed of MHC-I o chains (HLA-I) and B2M,
and then, the complexes are presented on the cell surface
and recognized by the T-cell receptors (TCRs) of CD8* T
cells [8]. Therefore, peptide-MHC-I complexes cannot be
successfully formed and presented to stimulate T cells in the
absence of B2M, leading to resistance to PD-1-based immu-
notherapy [6,8].

B2M mutations were also identified in two lung cancer
patients resistant to PD-1 inhibitors [9]. However, overall, no
recurrent mutations in genes involved in antigen processing
and presentation, including B2M, were identified in the rela-
tively small cohort of patients [9]. Lee et al. found that down-
regulation of MHC-I, rather than complete loss of MHC-I
molecule expression, was closely associated with resistance
to PD-1 inhibitors in melanoma patients [10]. In a cohort of
lung cancer patients treated with PD-1 or PD-L1 antibodies,
the antigen processing machinery (APM) scores, which are
generated by utilizing the overall expression of eight genes,
including B2M, CALR and PSME1, were significantly higher
in responders than in nonresponders [11]. These results
suggest that epigenetic downregulation of genes related to
antigen processing and presentation may lead to innate and
acquired resistance to lung cancer immunotherapy.

B2M is required for the formation of MHC-I com-
plexes comprised of all types of HLA-I molecules [12], so
it might be the limiting factor that determines the density
of the peptide-MHC-I complexes on the cell membrane,
which determines the strength of the so-called ‘first sig-
nalling’ for the activation of CDS8" T cells [13,14]. In ad-
dition, peptide-MHC-I complexes on the cell membrane of
tumour cells are targets for CD8" cytotoxic T cells (CTLs).
Therefore, it is not surprising that tumour clones with B2M
mutations have a survival advantage under the pressure of
CTL attack. Since B2M is critical for anticancer immunity
and genetic mutations in B2M are not commonly seen in
lung cancers, we reasoned that the epigenetic downregu-
lation of B2M may play a role in lung tumorigenesis and

immunotherapy resistance. In the present study, we found
that B2M expression is frequently suppressed in lung can-
cers. Our study suggests that genetic and epigenetic regu-
lation of B2M fundamentally shapes the immune landscape
of lung adenocarcinomas (LUADs) and determines the re-
sponse to immunotherapy.

MATERIALS AND METHODS
Bioinformatics analysis
Data sources and genetic alteration analysis

The publicly available LUAD data set was downloaded from
The Cancer Genome Atlas (TCGA) Data Portal and corrected
by the R package ‘limma’. The LUAD dataset GSE116959
was downloaded from the NCBI Gene Expression
Omnibus (GEO) database, and the LUAD data set from the
International Cancer Genome Consortium (ICGC) database
was downloaded from the University of California, Santa
Cruz (UCSC) Xena platform. Protein expression data were
downloaded from the Clinical Proteomic Tumor Analysis
Consortium (CPTAC) database. B2ZM copy number variation
(CNV) and mutation were analysed by the cBioPortal tool.
The tumour mutation burden (TMB) score of a tumour sam-
ple was calculated as follows: the total number of mutations/
human genome size 38 MB.

Gene expression and survival analysis

The analysis of differentially expressed genes (DEGs) be-
tween tumour and normal tissues in the abovementioned
data sets was conducted by using the ‘Wilcox_test’ func-
tion in R, and DEGs with a p-value < 0-05 were considered
significant. Gene set enrichment analysis (GSEA) of DEGs
was conducted with GSEA 4.0 software. The R package
‘clusterProfiler’ was used to conduct Kyoto Encyclopedia of
Genes and Genomes (KEGG) and gene ontology (GO) en-
richment analysis. Gene sets with nominal p < 0-05 and false
discovery rate <0-25 were considered significantly enriched.
The R package ‘ggplot2’ was used to draw plots. Survival
analysis was conducted with the R packages ‘survival’ and
‘survminer’. Survival time was compared by using Kaplan—
Meier curves, and a log-rank p-value <0-05 was considered
to indicate a significant difference.

Tumour microenvironment analysis

The tumour microenvironment score was calculated by
the R package ‘estimate’. The R packages ‘GSVA’ and
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‘GSEABase’ were used to perform single sample gene set
enrichment analysis (ssGSEA) [15,16]. Samples were di-
vided into two groups based on the median B2M expression,
and the R code provided by CIBERSORT was used to esti-
mate the infiltration of various immune cells [17]. The im-
mune cell infiltration between groups was compared with the
‘Wilcox_test” function in R. The Tumor IMmune Estimation
Resource (TIMER) tool was used to estimate the relationship
between the levels of chemokine expression and various im-
mune cells [18].

Transcription factor analysis

The correlation between transcription factors (TFs) and B2M
was analysed by a correlation test, and the Spearman correla-
tion coefficient was used to indicate a correlation. A p-value
<0-05 was considered statistically significant. TF binding
sites on targeted genes were predicted using the ConTra V3
server [19] and the Cistrome tool [20].

Cell lines and cell culture

The human lung cancer cell lines H358, H23 and H1975
and the mouse colorectal cancer cell lines MC38 and CT26
were obtained from the American Type Tissue Culture
Collection (ATCC). The human normal lung epithelial cell
line BEAS-2B and the human lymphoma cell line NK92
were purchased from FuHeng Biology. NK-92 cells were
cultured in o-minimum essential medium supplemented
with 2 mM L-glutamine, 1-5 g/l sodium bicarbonate, 0-2 mM
inositol, 0-1 mM 2-mercaptoethanol, 0-02 mM folic acid,
100-200 U/ml recombinant IL-2, 12-5% horse serum, 12-5%
foetal bovine serum (FBS) and 100-200 U/ml recombinant
IL-2. H358, H23, H1975 and CT26 cells were cultured in
RPMI-1640, and MC38 cells were cultured in DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin.
All cell lines were grown at 37°C in an incubator with 5%
CO,. The cells passed mycoplasma testing on a regular basis,
and their identity was regularly confirmed by SNP testing.

Animals and in vivo studies

C57BL/6, BALB/c and Balb/c-nu mice at 6-8 weeks of
age were purchased from the laboratory animal center of
Nantong University. All mice were bred and housed in spe-
cific pathogen-free facilities at the laboratory animal center
of Nantong University. MC38 or CT26 cells (3 X 10°) were
subcutaneously injected into C57BL/6 or BALB/c mice, re-
spectively, and when the tumour volume reached ~100 mm’,
the mice were treated with phosphate-buffered saline (PBS)

or anti-PD-L1 every 3 days 3—4 times via intraperitoneal in-
jection. Tumours were measured every 3 days by callipers,
and tumour volume was calculated as (lengthxwidthz)/2. For
the xenograft assay, Balb/c-nu mice were injected subcutane-
ously with 5 x 10° H358 cells. When the tumours reached
~100 mm® in size, the mice were treated with AMG510 by
oral garage (10 mg/kg, daily). These studies were performed
in compliance with an approved protocol and the institutional
guidelines of the Ethical Committee of Nantong University.

Antibodies and chemicals

The source and identifier of antibodies used are as follows:
antibodies against human STATS5A, p-ERK1/2, ERKI1/2,
PD-L1 and CD8A were purchased from Abcam; human
anti-pSTATSA antibody was purchased from CST; antibod-
ies against human GAPDH, B2M and f-catenin were pur-
chased from Proteintech. For fluorescence-activated cell
sorting (FACS) analysis, antibodies against PE-Cy7-CD3,
PE-CDS8, FITC-CD4 and APC-Cy7-CD45 were purchased
from Thermo Fisher; antibodies against PerCP-B2M were
purchased from BD Bioscience; and antibodies against APC-
mouse H-2Kb/2Db and APC-mouse B2M were purchased
from Biolegend. The STATSA inhibitor SH454, KRAS in-
hibitor ARS1620 and FGFR1 inhibitor AZD4547 were pur-
chased from Selleck. The KRAS inhibitor AMG510 was
purchased from Abmole. The MEK inhibitor PD0325901
was purchased from MCE.

Plasmids and virus production

The lentiviral vector pLVX-IRES-Puro-mB2M was used
to overexpress mouse B2M. The CRISPR/Cas9 technique
was used to generate B2M knockout mouse cell lines using
the pLentiCRISPR-GFP-v2 vector as previously described
[21]. The selected B2M single-guide RNA (sgRNA) se-
quence was 5'-CTGGTGCTTGTCTCACTGAC-3,
and the control nontargeting sgRNA sequence was
5'-GCTTTCACGGAGGTTCGACG-3'. The  pSLenti-
U6-mB2M-shRNA-EGFP-F2A-Puro-WPRE vec-
tor was wused to knockdown mouse B2M. The
selected B2M-shRNA sequence for in vivo experi-
ments was 5-ACGGTGATTCTAATCATCTTAA-3,
and the control nontargeting shRNA sequence was
5'-CACAGGTTGGTGGTGCAAGTGA-3". Human
KRASY'?Y was introduced by the pLenti-CMV-KrasGuV-
Hygro lentiviral vector. All plasmids were generated by
modifying the vector backbones in the laboratory of the
Department of Immunology, School of Medicine, Nantong
University. The lentivirus was prepared using HEK293T
cells as previously described [21].
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Western blotting

Western blotting was performed using whole-cell lysates.
Briefly, aliquots of total protein (20-50 pg/lane) were elec-
trophoresed on 10% SDS-polyacrylamide gradient gels
and transferred to polyvinylidene difluoride membranes
(Millipore). The membranes were incubated at 4°C overnight
with primary antibodies against p-ERK, ERK, p-STATS5A,
STATSA, B2M, GAPDH or p-catenin. After being rinsed in
wash buffer, the membranes were incubated with a horse-
radish peroxidase-conjugated secondary antibody diluted at
1:10,000, and the signal was visualized with SuperSignal
West Dura reagents (Thermo Fisher).

Real-time PCR

RNA was extracted using the RNeasy Mini Kit (Qiagen), and
cDNA was synthesized using the SuperScript VILO cDNA
Synthesis Kit (Thermo Fisher). Real-time PCR was performed
with the ABI StepOnePlus system (Thermo Fisher) and iTaq
Universal SYBR Green Supermix (Bio-Rad). For data analy-
sis, the 2744 method was used to calculate the fold changes.
GAPDH expression was considered to be unaffected under our
treatment conditions and was used as a reference gene. The
primer sequences used for real-time PCR were as follows (5'-3"):
B2M, forward, AAGCAGCATCATGGAGGTTTG; reverse,
GAGCTACCTGTGGAGCAACC. GAPDH, forward, GAA
GGTGAAGGTCGGAGTC; reverse, GAAGATGGTGATGG
GATTTC. Each experiment was run in triplicate, and the error
bars represent the range of the fold changes calculated from
three or four independent experiments.

Flow cytometry analysis by FACS

The cultured cells were harvested and washed, and a single-
cell suspension was prepared in flow cytometry staining buffer
(PBS supplemented with 2% FBS and 0:1% sodium azide).
In some in vivo experiments, tumours were collected from
euthanized mice and dissociated into a single-cell suspension
by using the GentleMAX™ Dissociator (Miltenyi Biotec).
Primary antibodies with the appropriate fluorescent labels were
added to 10° cells resuspended in 100 pl of staining buffer and
then incubated at 4°C for 30 min. After staining, the cells were
washed with staining buffer three times and analysed with an
ACEA NovoCyte flow cytometer (ACEA Biosciences).

Immunohistochemistry (IHC)

Serial 5-pm sections were cut from the tissue blocks, depar-
affinized in xylene and hydrated in a graded series of alcohol.

The slides were then immersed in citrate unmasking solu-
tion (10x) (CST) in a pressure cooker for 10 min to retrieve
the antigen. After inactivating endogenous peroxidase activ-
ity with 3% H,0,, the slides were incubated with primary
antibodies against B2M, PD-L1 or CD8A at a 1:100 dilu-
tion overnight at 4°C in a humidified chamber. For detec-
tion, the slides were treated with SignalStain Boost Detection
reagents from CST according to the manufacturer’s instruc-
tions, stained with 3,3'-diaminobenzidine (DAB) for 3—-5 min
and counterstained with haematoxylin for 5-15 s. Finally,
the slides were dehydrated and mounted. All pictures were
obtained using a Zeiss microscope (Observer Z1). The scores
for B2M and PD-L1 expression in LUAD samples were ob-
tained with an IHC profiler [22]. The staining intensities of
B2M or PD-L1 (0, no staining; 1, weak staining; 2, moder-
ate staining; 3, strong staining) for 5 randomly selected high-
power fields (20X) in each tumour sample were evaluated,
and the final scores were calculated by summing the 5 scores
of each sample and then were categorized into three groups:
Low (<5), Middle (between 5 and 10) and High (>10). CD8*
T cell numbers were obtained by averaging the numbers of
CD8A-positive stained cells in 5 randomly selected 20x
fields in each LUAD sample.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
7 software (GraphPad Software). In general, values were
plotted as the mean + standard deviation (SD). The means
between independent groups were compared by Student’s
t-test (2 groups) or Kruskal-Wallis one-way ANOVA (3 or
more groups) with pairwise comparisons, and differences
with p < 0-05 were considered statistically significant.

RESULTS

B2M expression is downregulated in lung
cancer

Analysis of the TCGA database showed that 1-41% of
LUADs harbour genetic alterations in the B2M gene, among
which only deep deletion significantly reduced the levels of
B2M transcription (Figure S1A,B). In addition, the overall
survival times between patients with mutant or wild-type
B2M were not significantly different (Figure S1C), sug-
gesting that genetic alteration of B2M is rare in resectable
primary LUAD tumours and that these tumours evade im-
mune attack mainly through other mechanisms. Analysis of
LUAD transcriptome data (RNA-seq results) revealed that
B2M expression was significantly reduced in tumour tissues
compared with adjacent normal tissues (Figure 1a,b). Similar
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FIGURE 1 B2M downregulation in LUAD. B2M expression in LUAD tissues (a) or their paired adjacent normal lung tissues (b). (c—d) B2M
expression in LUAD tissues compared with adjacent normal tissues in GSE116959 and ICGC data sets. (e) Protein levels of B2M in LUAD tissues
compared with adjacent normal tissues in the CPTAC data set. (f) Representative images of IHC staining for B2M in LUAD tissues and adjacent

normal lung tissues. (g) Quantification of the results in Figure (f)

results were obtained from the other two datasets from the
GEO (GSE116959) and ICGC databases (Figure 1lc,d).
Further analysis of the CPTAC database indicated that B2M
protein levels were lower in LUAD tissues than in normal
lung tissues (Figure le). We then performed IHC staining
for B2M in surgically resected LUAD tissues and adjacent
normal tissues, and the results demonstrated that tumours ex-
hibited lower B2M expression levels than normal tissues that
universally express B2M at medium or high levels (Figure
1f,g). These results suggest that B2M is downregulated in
LUAD primarily through epigenetic mechanisms.

The association between B2M
expression and the immune landscape of
lung cancer

The LUAD tumours were classified into either B2M -high
tumours (B2Mhi) or B2M -low (B2M1°) tumours, and DEGs
between the two groups were identified and analysed with the
GSEA program. As shown in Figure 2a, among the ten most
enriched pathways, several immune-related pathways, includ-
ing the antigen processmg and presentation pathway, were
upregulated in B2M" tumours. Then, GO analysis of enriched
biological process (BP), molecular function (MF), and cellular
component (CC) terms and KEGG pathways was conducted
with 255 immune-related DEGs between B2M™ and B2M'"
tumours. As shown in Figure S2A, functions related to T and
natural killer (NK) cells were highly enriched, suggesting that

B2M levels are closely associated with immune infiltration.
Consistently, B2M" tumours exhibited higher stromal scores
and immune scores according to the CIBERSORT program
[17] (Figure 2b,c). Next, the LUAD tumours were divided
into high, moderate and low immune infiltration groups
(immunity-H, immunity-M and immunity-L, respectively)
by the ssGSEA algorithm [15,16]. We found that B2M lev-
els and immune infiltration levels were significantly different
among the three groups, with the highest B2M levels seen in
the immune-H group and the lowest B2M levels seen in the
immune-L group (Figure 2d, Figure S2B).

We further analysed the fractions of various immune cell
types in the LUAD tumours and found that B2M" tumours
contained more CD8" T cells (Figure 2e) than B2MP tumours,
and we obtained similar results in the GSE116959 data set
(Figure 2f). In addition, both data sets showed that B2M"
tumours contained more activated CD4" T cells than B2M™
tumours (Figure 2e). We reasoned that increased chemokines
in B2M" tumours might drive enhanced T-cell recruitment.
Indeed, CCL5, CXCL9, CXCL10, CXCL11 and CXCL13
were upregulated in B2M" tumours and may play critical roles
in recruiting T cells (Figure 2g and Figure S3) [23-26].

B2M influences the infiltration and function of
T and NK cells

Many TCR genes were highly expressed in B2M™ tumours
(Figure S4A), indicating increased infiltration of CD8* T
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FIGURE 2 B2M levels affect the immune landscape of lung cancer. (a) GSEA of B2M" LUAD tumours compared with B2M" tumours. (b,
¢) Stromal scores and immune scores in B2M" LUAD tumours vs. B2M'" tumours. (d) B2M expression in the LUAD tumours of immunity-H, -M,
or -L. (e,f) CIBERSORT analysis of the fractions of infiltrated immune cells in the LUAD and GSE116959 datasets. (g) Differentially expressed

immune-related genes in LUAD B2M" tumours vs. B2M™ tumours

cells (Figure 2e,f); however, B2M" tumours also expressed
higher levels of immune checkpoint molecules, including
PDCDI1 (PD-1), LAYN and HAVCR?2 (Figure S4C-E), all
of which are reportedly related to exhausted T cells [27,28].
Therefore, CD8" T cells might be recruited and transiently
activated, but their cytotoxic activity is suppressed by vari-
ous mechanisms in the tumour microenvironment, includ-
ing mechanisms involving those checkpoint molecules.
This may also explain why the increased level of T cells
in B2M" tumours did not translate into improved survival
in lung cancer patients with this tumour type (Figure S4F).

In addition, compared to B2M" tumours, B2M" tumours
have greater infiltration of NK cells, as indicated by the pos-
itive association between B2M and NKP46 or NKP30, two
natural cytotoxicity receptors expressed explicitly by NK cells
(Figure S5A,B) [29], which is consistent with the increased
expression of NK cell-recruiting chemokines, such as CCLS,
in B2M™ tumours (Figure S3) [30]. However, B2M" tumours
also have higher expression levels of CD96 and TIGIT, two
checkpoint molecules related to the inhibition of NK cell ac-
tivity (Figure S5C,D) [31]. We also found a strong correla-
tion between B2M and HLA-I molecules, implying that they
may share some common regulatory mechanisms (Figure
SSE). Since HLA-I expression on normal cells is thought to
be critical for self-tolerance [32], we reasoned that low B2M
expression might stimulate NK cell cytotoxic activity in lung
cancers. Indeed, the fraction of activated NK cells tended
to increase in B2M'" tumours in the LUAD (p = 0-054) and
GSE116959 (p = 0-045) data sets (Figure 2e,f). Together, the
results suggest that B2M" tumours recruit more NK cells,
but the suppressive tumour microenvironment limits their an-
titumour activities. In B2M™ tumours, even though NK cells
seem to be activated locally due to low HLA-I expression on
tumour cells, their abundance is low. Therefore, through var-
ious mechanisms, lung cancers can evade NK cell-mediated
immune attack.

Value of B2M levels in predicting the response
to immunotherapy

B2M is critical for tumour antigen presentation and cognate
CD8" T cell activation. We have shown that T-cell infil-
tration is high in B2M" tumours, but immune checkpoint
molecules, including PD-L1, may suppress their cytotoxic
function. We wondered whether B2M levels could predict
the response to PD-1 inhibition. Since no public RNA-seq
data on lung cancer immunotherapy are currently available,

we analysed a cohort of melanoma patients treated with PD-1
antibodies and found that pretreatment B2M levels are higher
in patients with a complete response (CR) than in those with a
partial response (PR) or progressive disease (PD) (Figure 3a)
[33]. PD-L1 mRNA levels were comparable among the three
groups (Figure 3b), implying that B2M levels, but not PD-
L1 mRNA levels, might have predictive value in PD-1-based
immunotherapy.

Tumour mutation burden has been linked to the response
to PD-1 inhibition, as high TMB tumours likely produce
more neoantigens [34]. Surprisingly, we found that TMB
scores were lower in B2M™ LUAD tumours than in B2M"
LUAD tumours, whereas they were not different between tu-
mours expressing high or low levels of PD-L1 (Figure 3c,d),
suggesting that lung tumours with a high TMB may down-
regulate B2M expression to escape T-cell attack. We specu-
late that some lung tumours with high TMB and significant
T-cell infiltration could still fail to respond to PD-1 blockade
immunotherapy due to low B2M expression and insufficient
neoantigen presentation.

Next, we performed IHC staining for PD-L1, B2M and
CD8A in LUAD specimens (n = 85) and found that tumours
with high B2M expression contained more CD8* T cells than
tumours with moderate or low B2M expression. However,
no significant difference was found between tumours with
moderate and low levels of B2M, suggesting that high B2M
expression might be a prerequisite for an optimal T-cell re-
sponse (Figure 3e). Figure 3f shows the representative IHC
images from two patients; high T-cell infiltration was found
in tumours from patient 1 with high B2M expression but not
in tumours from patient 2 with low B2M, although tumours
from both patients expressed moderate levels of PD-L1. Of
patients with positive staining of PD-L1 (>1%) in tumour tis-
sues, who might be considered suitable for PD-1 inhibition
in the clinic [35], ~40% expressed low to medium levels of
B2M in tumours (Figure 3g). These patients may not benefit
from the treatment due to defective CD8" T-cell recruitment
and cytotoxic activity.

MC38 cells are murine colon carcinoma cells, and syn-
geneic mice subcutaneously transplanted with these cells are
widely used in preclinical immunotherapy studies because
they are sensitive to PD-1 inhibition [36]. On the other hand,
the CT26 murine colon carcinoma model [37-39] and the
B16 murine melanoma model [40-42] are reportedly less
sensitive to PD-1 or PD-L1 blockade. Interestingly, we found
that MC38 cells expressed higher levels of B2M than the
other two lines, as indicated by the mean fluorescence inten-
sities of B2M expression in the FACS results (Figure 3h). In
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levels of B2M and PD-L1 based on IHC staining. (g) Representative images of LUAD tumours from two patients. (h—i) FACS analysis of B2M
and PD-L1 expression in MC38, B16, and CT26 cells. (j—k) Tumour volumes of subcutaneously implanted MC38 or CT26 tumours treated with o-
PD-L1 or PBS as a control (*p < 0-05, **p < 0-01, ***p < 0-001, ****p < 0-0001 vs. control)
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FIGURE 4 Modulation of B2M expression can determine the outcome of immunotherapy. (a) FACS analysis validated the loss of B2M
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contrast, the PD-L1 levels were comparable among the three 3j). However, in the CT26 models, anti-PD-L1 treatment
cell lines (Figure 3i). We then established MC38 or CT26 only induced a partial response and did not inhibit tumour
tumour models and treated them with anti-PD-L1 antibody, growth significantly compared to the PBS-treated control
and in line with previous studies, we found that the treatment (Figure 3k). Together, these results suggest that high B2M
effectively suppressed the growth of MC38 tumours (Figure expression is associated with the response to PD-1 inhibition.
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Modulation of B2M expression can
determine the outcome of immunotherapy

To directly assess the impact of B2M expression on the re-
sponse to PD-1 inhibition, we first checked whether the ge-
netic loss of B2M causes resistance to immunotherapy. B2ZM
deletion was achieved with the CRISPR technique by using
a pLenti-CRISPR-GPF-v2 vector as previously described
[21]. FACS analysis demonstrated that transduction was very
effective, as the cell populations infected by the lentivirus
that expressed B2M -sgRNA or control sgRNA, referred to
as MC38-sg B2M or MC38-sgNS cells, respectively, were
mostly positive for GFP expression (~90%) (Figure 4a). As
expected, ~70% of MC38-sgB2M cells lost B2M and MHC
class I (MHC-I) expression (Figure 4a and Figure S6A).

We reasoned that it is not necessary to use a pure B2M—/—
population to test whether deletion of the B2M gene can cause
resistance to anti-PD-L1 treatment; therefore, MC38-sg B2M
or MC38-sgNS cells without sorting were subcutaneously
injected into C57BL/6 mice, and when tumours reached ap-
proximately 100 mm®, the mice were treated by intraperito-
neal injection of mouse anti-PD-L1 (a-PD-L1) as previously
described [43]. While MC38-sgNS tumours responded well
to the treatment, MC38-sgB2M tumours were resistant to the
therapy (Figure 4b,c). These results suggest that intact B2M
expression and MHC class I antigen presentation are required
for the response to ICB treatment. Next, B2M knockdown
MC38 cells (MC38-shB2M) were generated by shRNA in-
terference (Figure 4d and Figure S7A). Knocking down B2M
suppressed MHC class I expression in MC38 cells (Figure
S7B), and the MC38-shB2M tumours grew similarly to the
control MC38-shNS tumours in the absence of treatment
(Figure S7C). Importantly, treatment with o-PD-L1 induced
the regression of MC38-shNS tumours, but the effects dimin-
ished in MC38-shB2M tumours (Figure 4e,f), indicating that
B2M expression is critical for the optimal response to PD-1
inhibition. We collected MC38-sgNS tumours after treatment
and prepared a single-cell suspension for FACS analysis. The
results demonstrated that the numbers of CD8" and CD4* T
cells in the a-PD-L1-treated tumours increased by ~10-fold
compared with those in the tumours treated with PBS (Figure
4g). In contrast, the increase in T-cell infiltration upon treat-
ment was much less significant in B2M knockout or knock-
down tumours (Figure 4h,i).

Interestingly, although the implanted MC38-sgB2M
cells were a mixed population, in which ~70% were nega-
tive for B2M and MHC-I expression (Figure 4a and Figure

S6A), FACS analysis with the single-cell suspension from
MC38-sgB2M tumours at the end of experiments indicated
that most of the cells (~90%) became negative for both B2M
and MHC-I, regardless of treatment with PBS or anti-PD-L1,
whereas the small population positive for MHC-I predom-
inantly consisted of immune cells because most of them
expressed CD45 (Figure S6B). We also performed FACS
analysis with a single-cell suspension from MC38-sgNS tu-
mours harvested at the end of experiments treated with PBS
or anti-PD-L1, and we found that they remained positive for
MHC class I expression (Figure S6C). These results imply
that the immune reaction in vivo can drive the enrichment of
B2M-negative tumour cells.

To test whether we can improve the efficacy of immuno-
therapy by upregulating B2M expression, we established tu-
mours with CT26 cells overexpressing B2 M (CT26-B2M°F)
(Figure 4j). We found that a-PD-L1 treatment significantly
suppressed the growth of CT26-B2M°F cells (Figure 4k),
whereas the control tumours (CT26-CON) were resistant to
the treatment (Figure 41). FACS analysis demonstrated that
a-PD-L1 treatment increased the number of CD8 T cells in
the CT26-B2M°F tumours almost by ~5-fold (Figure 4m),
and after treatment, the B2M®E tumours exhibited more
CDS8* T cells than control tumours (Figure 4m).

Regulatory mechanisms of B2M expression in
lung cancer

To explore the regulatory mechanisms of B2M expression,
we searched for TFs that are positively or negatively corre-
lated with B2M expression in LUAD tumours (Figure 5a).
IRF1 and STATI1 are two TFs known to mediate IFN-y-
induced B2M expression [44-46]. STATSA was also posi-
tively associated with B2M expression in LUAD tumours,
and analyses of several datasets consistently showed that
LUAD tissues expressed lower levels of STATSA than nor-
mal tissues (Figure S5F). Potential binding sites for STATSA
on the B2M promoter were also identified (Figure 5a), sug-
gesting that it may directly regulate B2M gene expression.
HI1975 lung cancer cells highly expressed STAT5A and
B2M, and treatment with SH454, a STATS inhibitor, sup-
pressed B2M expression, as demonstrated by Western blot-
ting and real-time PCR (Figure 5b,c). IL-2 activates STATS,
and the NK cell line NK92 is routinely cultured in media
supplemented with IL-2. As expected, NK92 cells exhibited
high STATS5 and p-STATS expression, and treatment with

FIGURE 5 STATS may regulate B2M expression in lung cancer. (a) The TFs that are positively (red) or negatively (blue) correlated with

B2M expression in the LUAD dataset (left panel) and their potential binding sites on the B2M promoter region (right panel). (b—e) H1975 lung
cancer cells or NK92 cells were treated with the STATS inhibitor SH454 for 24 and 48 h, and the levels of STATS, p-STATS5, and B2M were
assessed by Western blotting and real-time PCR; GAPDH was used as an internal control (**p < 0-01 vs. control)
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SH454 decreased p-STATS and B2M expression (Figure
5d,e). Collectively, these results suggest that STAT5A may
participate in the regulation of B2M in lung cancer cells.

We also investigated whether B2M downregulation is as-
sociated with lung cancer-related mutations. Among the top

10 frequently mutated genes in LUAD (Figure 6a), B2M ex-
hibited lower expression in tumours harbouring mutations
in TTN, MUCI16, LRPI18, KRAS and XIPR2 than in their
wild-type counterparts, with the most significant difference
seen between KRAS-mutant and KRAS wild-type tumours
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(Figure 6b). H358 and H23 are human lung cancer cell lines
that harbour the KRAS®!'*C mutation, and treatment with
ARS-1620, a specific KRASY'*“ inhibitor, suppressed their
growth (Figure 7A). We treated H358 cells with AMG510
(a KRASS'? inhibitor in clinical trials) for 24 h, and FACS
analysis indicated increased B2M expression on the cell
membranes of H358 and H23 cells (Figure 7b,c). Western
blotting demonstrated that B2M levels increased while
pERK levels decreased upon ARS-1620 treatment in H358
cells (Figure 7d). Partial recovery of pERK expression was
observed 48 h after KRASY'*® inhibition (Figure 7d), which
might result from feedback-related upregulation of FGFR1
expression (unpublished data). We next treated H358 and
H23 cells with AMG510 (Figure 7e,f), ARS1620 (Figure
S8), ARS1620*AZD4547 (an FGFRI1 inhibitor, Figure S8) or
PD0325901 (a MEK inhibitor, Figure S8), and FACS analysis
and real-time PCR demonstrated that all treatments for 24 h
enhanced the expression of B2M in both H358 and H23 cells.

Moreover, forced expression of KRAS®'?Y in BEAS-2B
normal lung epithelial cells suppressed B2M expression, as
indicated by Western blotting and real-time PCR (Figure
7g.h). Previously, we conducted RNA-seq to study the effects
of KRAS®!€ inhibition on H358 cells (available in the GEO
database, GSE164326). In the present study, we performed
GSEA with the RNA-seq data and found that the antigen pro-
cessing and presentation pathway was one of the ten most
upregulated pathways after ARS-1620 treatment for 24 h
or 48 h (Figure 7i,j, and Figure S8D). Next, we implanted
H358 cells subcutaneously into immunocompromised mice,
and when tumours reached ~100 rnm3, the mice were treated
with AMG510 by oral gavage. AMG510 significantly sup-
pressed the growth of H358 tumours (Figure 7k), and IHC
staining demonstrated a marked increase in B2ZM expression
in AMG510-treated tumours compared to control tumours
(Figure 71). Together, these data suggest that KRAS muta-
tions suppress B2M expression, which may contribute to the
immune evasion of KRAS-mutant lung cancer.

DISCUSSION

Although they occur infrequently, B2ZM mutations may be
involved in resistance to PD-1-based immunotherapy in mel-
anoma and lung cancer patients [6,8]. Here, we show that
B2M knockout in otherwise sensitive MC38 tumours led to
resistance to PD-1 inhibition and that B2M knockdown also
diminished the therapeutic effects of immunotherapy. We
found that B2M expression is markedly reduced in lung tu-
mour tissues compared to normal tissues and that only ~30%
of tumours exhibit high levels of B2M. These results suggest
that not only genetic mutations but also epigenetic dysregula-
tion of the B2M gene could be responsible for resistance to
lung cancer immunotherapy.

The tumour microenvironment plays an essential role in
lung cancer development [47,48]. Immune effector cells,
such as CD8" T and NK cells, are either prevented from
entering the tumour or inhibited functionally within the tu-
mour milieu, which contributes to immune escape [47].
These scenarios are manifested in tumours expressing either
high or low levels of B2M. We showed that B2M expres-
sion has a significant impact on the immune landscape in
LUAD; B2M" tumours feature enhanced infiltration of im-
mune cells, including CDS8' T and NK cells, but their cy-
totoxic functions are suppressed, probably due to increased
expression of immune checkpoint molecules such as PD-L1.
On the other hand, B2M' tumours fail to recruit sufficient
CD8" T and NK cells, even though these tumours might be
sensitive to NK-mediated cytotoxicity. Therefore, established
tumours evade immune surveillance and even take advantage
of immune cell-derived factors to promote their growth and
metastasis [49].

The protumorigenic immune microenvironment could be
corrected by PD-1 inhibition if it is the PD/PD-L1 interaction
that restrains T cell function. However, for the immune sys-
tem to launch an effective antitumour response upon PD-1
inhibition, tumour cells need to be antigenic and recogniz-
able (i.e. they need to express targetable neoantigen peptides
in the context of MHC-I molecules). We demonstrated that
the downregulation of B2M diminished the responsiveness
to PD-1 inhibition in otherwise sensitive tumour models,
whereas B2M overexpression sensitized resistant tumour
models to the treatment, suggesting that B2ZM levels have a
significant impact on the therapeutic efficacy of PD-1 inhi-
bition, probably through modulating the antigenicity of tu-
mour cells. This may explain why PD-L1 expression is not
always predictive of the response to PD-1 inhibition in the
clinic [50,51].

TMB is also linked to tumour cell antigenicity [50].
However, even in solid tumours that generally exhibit a high
TMB, such as melanomas and LUADs, a potential neoan-
tigen reservoir cannot be realized if antigen processing and
presentation are defective. Interestingly, we found that the
TMB scores in LUADs were higher in B2M" tumours than in
B2M" tumours (Figure 3c), suggesting that the antigenicity
of these tumours might be restrained by the downregulation
of B2M, although the mechanisms are not clear at the mo-
ment; nevertheless, this implies that lung cancers may co-opt
those mechanisms to evade T-cell attack induced by PD-1
inhibition. Indeed, a CR to PD-1 inhibition was more often
seen in melanoma patients whose tumours expressed high
levels of B2M (Figure 3a).

In LUAD tumours, high B2M is associated with enhanced
CD8™ T cell infiltration. In general, the transcription of B2M
is positively correlated with that of PD-L1 (Figure S4B),
probably because various cytokines stimulate the transcrip-
tion of both genes in inflamed tumours. However, differences
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exist in terms of the regulatory mechanisms of the two genes.
For example, KRAS mutation was reported to enhance PD-
L1 expression [52], whereas our results demonstrated that
KRAS mutation reduced B2M expression. In addition, B2M
expression is stable under hypoxic and normoxic conditions,
but PD-L1 is a direct target of HIF-1a and upregulated by
hypoxia [53]. Future studies are warranted to evaluate the
predictive and prognostic value of the combined evaluation
of B2M and PD-L1 in immunotherapy.

Our studies revealed that several TFs might be involved
in regulating B2M expression; two of these TFs, IRF-1 and
STATI1, are activated by IFN-y [54,55]. IFN-y stimulates
the expression of a group of immune-related genes, includ-
ing PD-L1, B2M, MHC class I molecules and MHC class
II molecules [44,54,56,57]. Interestingly, JAK2 mutation was
also identified in melanoma patients who developed resis-
tance to PD-1 inhibition, suggesting that disruption of IFN-y
signalling might enable tumour cells to escape T-cell attack
[58,59]. We speculate that IFN-y signalling is critical for the
upregulation of PD-L1 expression by tumour cells, which
thereby suppresses CTL activity [60,61]; however, this effect
can be overcome by PD-1 inhibition. Under such a scenario,
JAK?2 mutation and defective IFN-y-induced B2M expression
could still lead to resistance to PD-1 inhibition.

STATS may also regulate B2M expression in LUAD
(Figure 5a). Analysis of public databases indicated that lung
cancer exhibits reduced STATS expression (Figure SSF),
which may contribute to the downregulation of B2M. STATS
can be activated by a wide variety of cytokines and growth
factors [62]. In H1975 cells that express high levels of STATS,
B2M is downregulated by STATS inhibition, and similar ef-
fects have been seen in NK92 cell lines with constitutively
active STATS. In several leukaemias and some solid tumours,
STATS has been reported to be activated and to contribute to
the survival and proliferation of malignant cells [63], and tar-
geting STATS is thought to be a promising anticancer strat-
egy [62]. We propose that this strategy needs to be carefully
evaluated in lung cancer, as STATS inhibition may suppress
B2M expression and impair antitumour immune responses.

Genetic alterations in KRAS occur in 20%-30% of LUADs
and are key drivers of lung tumorigenesis [64]. We revealed that
KRAS mutations suppress B2M expression in LUAD, prob-
ably through abnormal activation of the downstream MAPK
pathway. Our results are in line with previous studies showing
that MEK/BRAF inhibition enhances HLA-I antigen presenta-
tion and improves the therapeutic efficacy of PD-1 inhibitors
[65-67]. However, MEK inhibition may also suppress the ac-
tivation of naive T cells [68]. Therefore, the time and duration
of MEK inhibitor application must be carefully evaluated be-
fore MEK inhibitors are added to any combination therapies
[69]. The newly developed KRASY'*® inhibitors specifically
target tumour cells and have shown promising results in clini-
cal trials [70,71]. We speculate that, in combination with PD-1

inhibitors, KRAS®'*C inhibitors provide a unique opportunity
to treat patients with KRASGIZC-expressing lung cancers.
Consistently, a recent study showed that targeting KRAS%'*¢
with AMGS510 stimulated antitumour immunity and had syn-
ergistic effects with PD-1 inhibitors in mouse models, but the
mechanisms were not very clear [43], and our study suggests
that KRAS®'*C inhibition might induce B2M upregulation and
thus contribute to improved therapeutic efficacy.

In conclusion, we demonstrated that genetic and epigen-
etic dysregulation of the B2M gene significantly impacts
the immune landscape and suppresses anticancer immunity
in LUADs. Moreover, we uncovered several mechanisms of
B2M downregulation and provided strategies for restoring its
expression, which may help overcome resistance to immuno-
therapy in patients with lung cancer.
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