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ABSTRACT

Immunotherapies that target CD1d-restricted invariant NKT (iNKT) cells can prevent tumor growth in
murine models but trials in humans have shown limited clinical efficacy. Here, we show that iNKT cells are
depleted from blood and bronchial lavage samples from patients with non-small cell lung cancer (NSCLC)
suggesting a role for these cells in immunity against NSCLC. We interrogated the Lung Cancer Explorer
and Kaplan-Meier Plotter databases of NSCLC patients and found that pulmonary CD1d expression is
reduced in patients with NSCLC and that low expression of CD1d mRNA is significantly associated with
poor patient survival. We hypothesized that CD1d expression in NSCLC is epigenetically regulated and can
be modulated using epigenetic targeting therapies. Treatment of the CD1d-negative NSCLC cell lines,
A549 and SK-MES-1, with DNA methyltransferase inhibitors and histone deacetylase inhibitors resulted in
a dose-dependent induction of CD1d mRNA and protein expression. Chromatin immunoprecipitation
analysis indicated that this induction of CD1d expression directly involved chromatin remodelling.
Induction of CD1d expression by A549 and SK-MES-1 cells using therapeutic low doses of DNA
methyltransferase inhibitors and histone deacetylase inhibitors made them targets for iNKT cell-mediated
cytolytic degranulation. Thus, epigenetic manipulation of CD1d expression may augment the efficacy of
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iNKT cell-based immunotherapies for NSCLC.

Introduction

Lung cancer is the most common cause of cancer-related death
worldwide, accounting for about 13% of all cancer diagnoses
and 19% of cancer mortalities.! Non-small cell lung cancer
(NSCLC) accounts for approximately 85% of all lung cancer
cases and can be classified into adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma. Mortality rates in NSCLC
remain high because of difficulties in detection and resistance to
current therapeutics. Surgical resection is a treatment for local-
ized NSCLC, but only 15-40% of patients are considered candi-
dates for surgery at diagnosis.” Platinum-based therapy is the
current gold standard of care for NSCLC patients,” however, sur-
vival is only marginally improved in advanced NSCLC. The
median survival for a patient with advanced NSCLC is approxi-
mately 1 year and only 3.5% of patients with advanced disease
survive five years following diagnosis. In addition, many tumors
develop resistance to current chemotherapies. Therefore, there is
an urgent need to develop novel therapeutics for NSCLC.

We postulated that cellular therapies involving invariant
natural killer T (iNKT) cells could benefit patients with
NSCLC. iNKT cells are cytotoxic T lymphocytes that express
NK cell markers and a TCR composed of an invariant ¢-chain

(Va24Ja18 in humans and Va14Jo18 in mice) paired with one
of a limited number of B-chains.*® iNKT cells recognise glyco-
lipid antigens presented by the MHC class I-like molecule
CD1d. They can recognise a number of self and bacterial glyco-
lipids, however, most studies on murine and human iNKT cells
have used the xenogeneic glycolipid «-galactosylceramide
(a-GalCer).® Upon activation by a-GalCer, iNKT cells can kill
a wide range of tumor cell lines”® and rapidly secrete a diverse
range of growth factors and cytokines that activate and polarize
adaptive immune responses.”'" Activated iNKT cells can also
interact directly with other cells of the immune system, and can
induce the maturation of DC into APC'*" and of B cells into
antibody secreting plasma cells.'*'> Therapeutic activation of
iNKT cells in murine models can prevent and reverse tumor
growth.”'®"” Numerical and functional iNKT deficiencies have
been reported in a number of human cancers including
NSCLC,"**" but clinical trials that have targeted iNKT cells in
humans have to date shown limited efficacy.”** In the present
study, we show that iNKT cells are depleted from the blood
and lungs of NSCLC patients. We also interrogated the Lung
Cancer Explorer and Kaplan-Meier Plotter (KMPlot) databases
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of patients with NSCLC and found that CD1d expression is
lower in the lungs of patients with NSCLC compared to healthy
lungs, and that low expression of CD1d mRNA is significantly
associated with poor patient survival. We hypothesized that
NSCLC cells may downregulate CD1d expression to evade rec-
ognition by iNKT cells.

Epigenetic alterations such as aberrant DNA methylation
and histone acetylation are widespread in NSCLC. Hyperme-
thylation of the promoter sequences of a number of tumor sup-
pressor genes, resulting in loss of expression, occurs in most
cases of NSCLC and is associated with tumor recurrence and
shorter survival times following resection.”>”” DNA methyl-
transferases (DNMT) are overexpressed in NSCLC,**>° leading
to hypermethylation of tumor suppressor genes.”> Conversely,
histone deacetylases (HDAC), which remove acetyl groups
from e-N-acetyl lysine amino acids on histones resulting in
gene activation,”" are aberrantly expressed in NSCLC,”* which
is associated with poor prognosis in NSCLC.>*

Epigenetic modifications also play key roles in downregulat-
ing expression of molecules that are critical for immunogenicity
and tumor recognition, leading to tumour evasion. Aberrant
hypermethylation of MHC genes resulting in downregulated
MHC class I protein expression has been demonstrated in gas-
tric carcinoma and oesophageal squamous cell carcinoma.>***
Treatment of oesophageal squamous cell and gastric carcinoma
cell lines with decitabine (5-aza-2’'-deoxycytidine or DAC), an
inhibitor of DNA methylation, restored MHC class I expres-
sion.’®”” DNMT and HDAC inhibitors can also prevent the
suppression of NKG2D ligand expression by tumor cells result-
ing in increased NKG2D-mediated activation of cytotoxic T
cells and NK cells.***!

A study by Yang and colleagues** found that CD1d expres-
sion could be induced in lung adenocarcinoma cell lines from
both mice and humans using HDAC inhibitors. This study
showed that CD1d expression could be induced, either through
knockdown of HDAC genes, or treatment with HDAC inhibi-
tors trichostatin A (TSA) or suberoylanilide hydroxamic acid
(SAHA). The reversible nature of epigenetic modifications
makes them an attractive prospect as novel therapeutic targets
for cancer. DNMT inhibitors such as DAC and HDAC inhibi-
tors such as SAHA have been approved for the treatment of
some cancers.”’ In the present study we have investigated if
DAC, TSA and SAHA can induce CD1d expression on NSCLC
adenocarcinoma (A549) and squamous cell carcinoma (SK-
MES-1) cell lines. We show that all epigenetic modulators
tested induced CD1d mRNA and protein expression by both
cell lines and that treatment with DAC sensitized NSCLC cells
for killing by iNKT cells. Thus, epigenetic regulation of CD1d
expression may benefit NSCLC patients by helping to overcome
immune evasion by tumor cells.

Results

iNKT cells are depleted from the blood and lungs
of patients with NSCLC

PBMCs were prepared from blood samples of 9 NSCLC
patients and 13 healthy donors, and stained with mAbs spe-
cific for CD3 and Vo24Jwl8, and analysed by flow

cytometry (Fig. 1A). iNKT cell frequencies were determined
as percentages of lymphocytes that expressed CD3 and
Va24Ja18. Absolute numbers of iNKT cells per millilitre of
blood or BAL were calculated. Fig. 1B shows that the fre-
quencies and absolute counts of circulating iNKT cells were
significantly decreased in NSCLC patients compared to
healthy controls.

The frequencies and numbers of iNKT cells in bron-
choalveolar lavage (BAL) samples from 7 NSCLC patients
and 26 non-cancer controls were determined after removal
of macrophages by adherence purification. Cells were
washed with PBS and stained with mAbs specific for CD3
and Vo24Ja18, and analysed by flow cytometry. Fig. 1C
shows that iNKT cells were undetectable in BAL samples
from NSCLC patients, but accounted for up to 0.15% of
lymphocytes in BAL from non-cancer control subjects.
These results show that iNKT cells are depleted from the
blood and lungs of patients with lung cancer.

CD1d expression in lung tissue is reduced in patients with
NSCLC

CD1d expression levels were compared between datasets on
498 samples of lung adenocarcinoma, 492 samples of lung
squamous cell carcinoma and 59 samples of healthy lung by
interrogating the Lung Cancer Explorer database. The relative
levels of CDI1d expression were significantly lower in the
patients with adenocarcinoma (P = 3.3 x 10™°) and squamous
cell carcinoma (P = 1.3 x 10~ "*) compared to controls (Fig. 2).

High expression of CD1d in NSCLC is associated with
significantly improved overall survival

CD1d mRNA expression in tumors from NSCLC patients
was analysed using the KMPlot database.** Univariate anal-
ysis of mRNA expression in 1,926 NSCLC patients of all
histologies determined that overall survival was significantly
improved in NSCLC patients with high levels of CDI1d
mRNA expression (CD1d-high) compared with those who
had low levels of CD1d mRNA expression (CD1d-low)
(P = 0.0013), with a median overall survival of 56.8 months
versus 76 months (Fig. 3A). Multivariate analysis confirmed
that this benefit in overall survival based on CD1d-high
and CDIld-low NSCLC patients was present regardless of
grade, staging, treatment, gender or smoking status (P =
0.0014). When separated according to histological subtype,
univariate analysis of survival for CD1d mRNA expression
in 720 lung adenocarcinoma patients (Fig. 3B) and 524
lung squamous cell carcinoma patients (Fig. 3C), found that
there was no significant difference in overall survival
between CD1d-high and CDIld-low lung adenocarcinoma
patients, however high CD1d expression in lung squamous
cell carcinoma was associated with improved overall sur-
vival (P = 0.031; Fig. 3C).

To determine whether gender or smoking status can
affect overall survival in NSCLC patients, CD1d mRNA
expression was assessed in the same dataset based on sex,
smoking status, or in never smokers (Fig. 4). Using univari-
ate analysis we found that high CD1d mRNA expression is
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Figure 1. iNKT cells are depleted from the blood and BAL of patients with NSCLC. PBMCs were prepared from blood samples of 9 NSCLC patients and 13
healthy donors, and macrophage-depleted cells were prepared from BAL samples from 7 NSCLC patients and 26 non-cancer subjects. Cells were stained with
mAbs specific for CD3 and Va24Jx18 and analysed by flow cytometry. A, Flow cytometric dot plot showing CD3 and Va24Jx18 expression by PBMCs after
exclusion of doublets and dead cells. B, Scatter plots showing circulating iNKT cell frequencies, as percentages of lymphocytes (left) and absolute numbers of
cells per ml of blood (right) in NSCLC patients and healthy control subjects. C, Scatter plot showing iNKT cell frequencies (left) and absolute numbers (right) in
BAL samples from NSCLC patients and non-cancer subjects. Statistical analysis was performed using a two-tailed t test with Welch's correction. None of the

NSCLC patients studied had detectable iNKT cells in their BAL samples.

associated with improved survival in males (P = 0.0057;
Fig. 4A) and smokers (P = 0.037; Fig. 4C). There was no
significant difference in overall survival between CD1d-high
and CDld-low females (Fig. 4B) and never smokers
(Fig. 4D). These results show that low CD1d expression is
associated with poorer survival rates in NSCLC.

We also compared survival rates of NSCLC patients with
low and high levels of expression of a set of key

inflammation-related genes identified by Loza and co-work-
ers,”” using the KM Plot database. High expression of 8 out
of 12 genes tested (IL-4R, CTLA4, PTPN22, IRF5, NOD2,
TGEB, MDA5 and CASP8) was significantly associated with
improved survival (data not shown). Interrogation of the
Lung Cancer Explorer database, revealed that the expression
levels of all of these genes correlate positively with CD1d
expression levels (not shown). Therefore, the high CD1d
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Figure 2. CD1d expression in lung tissue is reduced in patients with NSCLC. Comparative analysis of CD1d mRNA expression levels in resected lung tissues using datasets
from 498 samples of lung adenocarcinoma (A), 492 samples of lung squamous cell carcinoma (B) and 59 and 51 samples of healthy lung in the Lung Cancer Explorer data-

base. Statistical analysis was performed using a two-tailed t-test.

expression observed 1is associated with a generalized
immune activation in the lungs.

Histone acetylation and DNA methylation inhibitors
induce expression of CD1d mRNA in A549 and SK-MES-1
cells

The human adenocarcinoma alveolar basal epithelial cell
line, A549, and the human lung squamous cell carcinoma
cell line, SK-MES-1, were treated with HDAC inhibitor
TSA at 250 ng/ml or vehicle control for a period of 24 h.
Following treatment, RNA was extracted and quantified and
CD1d mRNA expression was examined by RT-PCR
(Fig. 5A). Changes in CD1d expression were expressed as
ratios of CD1d to B-actin mRNA. Fig. 5B shows that a sig-
nificant upregulation of CD1d was observed in A549 cells
in response to TSA treatment (P = 0.0002). A similar upre-
gulation of CDI1d expression by SK-MES-1 cells was also
observed (Fig. 5C; P = 0.0026).

A549 and SK-MES-1 cells were also treated with the HDAC
inhibitor SAHA at 5 uM or vehicle control for a period of 24 h.

In order to determine whether the effects of this treatment
could be maintained over time, the cells were treated with
SAHA as before and then washed with PBS to remove SAHA
and left for 24 hours. RNA was extracted and CD1d mRNA
was quantified by RT-PCR. A significant up-regulation of
CD1d was observed in A549 cells (p < 0.0001; Fig. 5D) and
SK-MES-1 cells (P = 0.0002; Fig. 5E) in response to SAHA
treatment. This increase in CD1d expression was maintained in
A549 cells but not SK-MES-1 cells after a 24 h recovery period
(P = 0.0012).

We also investigated the effects of treating A549 cells with
DAC and GEM on CD1d mRNA expression. We have previ-
ously shown that GEM, a chemotherapeutic agent, can function
as a DNMT inhibitor with equivalent activity to DAC.*® A549
cells were treated with 200 nM and 1 uM DAC or GEM for
48 hours. For both treatments, the media and drugs were
replaced at 24 hours. Following the treatment period CD1d
mRNA was examined by RT-PCR. Fig. 5F shows that CD1d
expression was significantly increased in A549 cells treated
with DAC at 1 uM (P = 0.037), GEM at 200 nM (P = 0.0019)
and GEM at 1 uM (p < 0.0001). These results show that
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Figure 3. High expression of CD1d in NSCLC is associated with significantly improved overall survival. Kaplan-Meier plot analysis of CD1d mRNA expression in NSCLC
patients. A, Univariate analysis on a dataset containing 1926 patients with NSCLC for all histologies demonstrating that high expression of CD1d mRNA is associated with
significantly better overall survival (P = 0.0013). B, Univariate analysis of CD1d mRNA expression on a dataset containing 720 lung adenocarcinoma patients. C, Univariate
analysis of CD1d mRNA expression on a dataset containing 524 lung squamous cell carcinomas. HR, hazard ratio. These data were generated using KMPlot**,
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Figure 4. High expression of CD1d is associated with significantly improved survival in male patients and smokers with NSCLC. Kaplan-Meier plot analysis of CD1d mRNA
expression in NSCLC patients divided according to gender and smoking status. A, Univariate analysis of CD1d mRNA expression on a dataset containing 1,100 male NSCLC
patients. B, Univariate analysis of CD1d mRNA expression on a dataset containing 715 female NSCLC patients. C, Univariate analysis of CD1d mRNA expression on a dataset
containing 820 smokers with NSCLC. D, Univariate analysis of CD1d mRNA expression on a dataset containing 205 never smokers with NSCLC. HR, hazard ratio. These data

were generated using KMPlot.

treatment with HDAC and DNMT inhibitors can induce CD1d
expression in NSCLC cell lines at the mRNA level.

Chromatin immunoprecipitation (ChIP) analysis of the CD1d
promoter from A549 cells treated with TSA verified that the
observed effects for HDAC inhibitors were due to increased histone
hyperacetylation. Fig. 6 shows that treatment with TSA resulted in
an increase in PCR product, showing enhanced histone hyperace-
tylation at the CDId promoter. Histone acetylation is associated
with gene expression, indicating that the CD1d promoter region
was silenced in A549 cells due to aberrant histone deacetylation.
Treatment with TSA prevented gene silencing by HDACs allowing
for the gene to be expressed. Both lysine 9 and 14 were hyperacety-
lated following treatment. These are known activating marks of
expression.”” In addition, a decrease in expression was observed at
the histone H3 lysine 4 monomethylation repressive mark with a
simultaneous increase in levels of an activating mark, H3K4me2.
Methylation marks are also associated with gene silencing; a
decrease in the expression of a known repressive methylation
mark, H3K9me2, further indicates that gene expression has been
induced. The ChIP analysis confirms that chromatin remodelling
is directly involved in with the induction of CD1d gene expression.

Transient low-dose DAC induces CD1d protein expression
by A549 cells and SK-MES-1 cells

Past trials with high doses of DAC have been plagued by
extreme toxicities.*® Transient low doses of DAC have been
shown to sustain long-term anti-tumor effects and are at
least temporarily associated with their ability to maintain
their targeting of DNMTs and alterations of gene expres-
sion.*” A549 (Fig. 7A) and SK-MES-1 cells (Fig. 7B and
supplemental Fig. 1) were treated with PBS or DAC at
either 50 nM, 100 nM or 1 uM over 72 hours. Media and
DAC were replaced every 24 hours. Cells were assessed for
expression of CD1d by flow cytometry immediately following
treatment and at four days post-treatment. Fig. 7C shows a
significant induction of CD1d protein expression in A549 cells
at 4 days post treatment. A significant induction of CD1d pro-
tein expression in SK-MES-1 cells was observed immediately
following treatment and at day 4 post treatment. In addition,
the increased CD1d expression due to treatment with 1 uM
DAC remained significant after 4 days of recovery (Fig. 7D).
These results show that transient low dose DAC treatment is



e1428156-6 (&) E.DOCKRY ET AL.

A D
- CD1d s .
3 P<0.0001
-
° P=0.0012
= Q.
(&)

Jr= []

UT SAHA SAHA+R

" = pB-actin

100 bp
ladder UT TSA E
SK-MES-1 celis
B - P=0.0002
AS549 cells £
Q8
[+
= P=0.0002 2.
a
o

iml 1N

UT SAHA SAHA+R

CD1d/B-actin
E BE B B £
m

ut TSA

AS549 cells

c P<0.0001
SK-MES-1 cells [ |

»  p=00019
- L=
I 3 P=0.037
g @] | .
& " P=00026 | 2
ch gl
o ; o
U a L] T T T
@ 3 V‘O ‘?‘G » ot
Ut TSA o AP0 F
RAKONDRS

Figure 5. Histone deacetylase and DNA methylation inhibitors induce expression
of CD1d in A549 and SK-MES-1 at the mRNA level. A, RT-PCR analysis of CD1d
expression by untreated (UT) A549 cells and A549 cells treated for 24 hours with
250 ng/ml TSA. B, Mean (£ SEM) ratios of CD1d to S-actin mRNA expression by
untreated and TSA-treated A549 cells from 3 experiments. C, Mean (£ SEM) ratios
of expression of CD1d to S-actin by untreated and TSA-treated SK-MES-1 cells
from 3 experiments. D, Mean (4 SEM) ratios of expression of CD1d to S-actin by
untreated, 5 ©M SAHA-treated, and 5 M SAHA-treated and rested (SAHA + R)
A549 cells from 3 experiments. E, Mean (+SEM) ratios of expression of CD1d to
B-actin by untreated and 5 uM SAHA-treated, and 5 «M SAHA-treated and rested
SK-MES-1 cells from 3 experiments. F, Mean (£ SEM) ratios of expression of CD1d
to B-actin by untreated A549 cells and A549 cells treated for 48 hours with DAC, at
0.2 uM and 1.0 uM, and GEM, at 0.2 M and 1.0 uM, from 3 experiments.

accompanied by a prolonged induction of CD1d protein
expression in NSCLC cell lines.

iNKT cells degranulate in response to low dose
DAC-treated A549 cells

To investigate if low dose DAC treatment can increase suscepti-
bility of A549 cells to cytoxicity by iNKT cells, A549 cells were
treated with PBS or DAC at 50 nM, 100 nM and 1 uM for
72 h. The media and treatments were replaced every 24 h. Cells
were then pulsed with 100 ng/ml of the glycolipids «-GalCer or

AS49 cells |
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Figure 6. Induction of CD1d mRNA expression in A549 cells is due to increased his-
tone hyperacetylation. A549 cells were treated with DMSO as an untreated control
or with 250 ng/ml TSA for 24 hours. 1% formaldehyde was added to allow for
crosslinking. Samples were sonicated thrice to shear the DNA into fragments.
Cross-linked DNA fragments associated with the proteins of interest were selec-
tively immunoprecipitated using protein-specific antibodies. Supernatants of the
immunoprecipitates were subjected to PCR using primers specific for the CD1d
promoter. UT samples were compared against TSA-treated samples to determine
any changes to the histone marks.

7DW8-5 or vehicle alone for 24 hours before adding iNKT
cells. All iNKT cell lines used contained >98% CD3*
Va24Ja18 TCR™ cells (Fig. 8A) and included CD4*, CD8™" and
double negative CD4 CD8™ subpopulations as assessed by
flow cytometry (Fig. 8B). Treated and pulsed A549 cells were
co-cultured with iNKT cells and a mAb specific for CD107a for
4 hours. Cell-surface CD107a expression by the iNKT cells was
examined by flow cytometry (Fig. 8C). Fig. 8D shows that
iNKT cells co-cultured with A549 cells treated with 50 nM -
1 uM DAC showed dose-dependent induction of CD107a
when pulsed with @-GalCer (P < 0.01 - p < 0.001) or 7DW8-5
(p < 0.05 - p < 0.001). Little or no degranulation occurred in
the absence of CDI1d-binding glycolipids but significant
degranulation occurred when DAC-untreated A549 cells were
pulsed with the glycolipids. These results show that iNKT cells
can kill A549 cells and that low dose DAC treatment increases
their susceptibility to iNKT cell cytotoxicity. This cytolytic
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Figure 7. Transient low-dose DAC induces CD1d protein expression by A549 and SK-MES-1 cells. A549 and SK-MES-1 cells were treated with PBS or DAC at either 50 nM,
100 nM or 1 uM for 72 hours. Both media and treatments were replaced every 24 hours. MeOH was used as a vehicle control. After 72 hours cells were stained with an
anti-CD1d mAb and analysed by flow cytometry. A and B, Flow cytometric dot plots showing CD1d expression by A549 cells (A) and SK-MES-1 cells (B), showing a fluores-
cence-minus-one (FMO) dot plots of DAC-treated cells (left panels), vehicle (MeOH)-treated cells (centre) and DAC-treated cells (right). C, Mean (£ SEM) frequencies of
A549 cells that expressed CD1d 4 days after cessation of treatment. D, Mean (+ SEM) frequencies of SK-MES-1 cells that expressed CD1d immediately following cessation
of treatment and 4 days after cessation of treatment. A two-way ANOVA with Bonferroni’s post hoc test was used to determine significance. Results are representative of

3 experiments.

degranulation was reduced by up to 50% using a blocking anti-
body specific for CD1d (Fig. 8E), confirming at least a partial
requirement for CD1d in iNKT cell mediated cytotoxicity.

iNKT cells degranulate in response to low dose
DAC-treated SK-MES-1 cells

To assess whether lower, less toxic concentrations of DAC can
increase susceptibility of SK-MES-1 cells to cytoxicity by iNKT
cells, SK-MES-1 cells were treated with MeOH, PBS or DAC at
50 nM, 100 nM and 1 uM for 72 h. The media and treatments
were replaced every 24 h. After three days of treatment the cells
were pulsed with glycolipids and then co-cultured for 4 h with
iNKT cells and a mAb specific for CD107a. CD107a expression
by INKT cells was examined by flow cytometry (Fig. 9A).
Fig. 9B shows that iNKT cells exhibited significant degranula-
tion when co-cultured with SK-MES-1 cells that had been
pulsed with «-GalCer or 7DW8-5. Treatment with 50 nM
DAC resulted in a statistically significant increase of CD107a

when stimulated with «-GalCer (p < 0.01) and 7DW8-5
(P<0.001). SK-MES-1 cells treated with 100 nM or 1 uM DAC
also showed increased susceptibility to iNKT cell degranulation
when stimulated with a-GalCer (p < 0.001) and 7DW8-5 (p <
0.001). These results show that low dose DAC treatment can
increase SK-MES-1 susceptibility to iNKT cell cytotoxicity.
Antibody blocking experiments confirmed some involvement
of CDId in iNKT cell degranulation in response to DAC-
treated SK-MES-1 cells (Fig. 9C).

Discussion

CD1d-restricted iNKT cells promote anti-tumor immunity in
humans and animals,>>” but iNKT cells from cancer patients
are frequently depleted and/or functionally-impaired.'®*' We
enumerated iNKT cells in BAL and peripheral blood samples
from NSCLC patients and compared them to those of control
subjects. We found that iNKT cells were significantly depleted
from both tissues in the NSCLC patients. This led us to
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Figure 8. iNKT cells degranulate in response to low-dose DAC-treated A549 cells. A549 cells were treated with PBS or DAC (50 nM, 100 nM and 1 uM) at 24, 48 and
72 hours. PBS and methanol (MeOH) were used as negative and vehicle controls. After a rest period of 3 days the cells were pulsed with vehicle, «-GalCer or 7DW8-5 for
24 hours, and then co-cultured with iNKT cells and a mAb specific for CD107a. In some wells, 10 g/ml of a blocking antibody specific for CD1d was included. PMA and
ionomycin (P/l) treatment was used as a positive control. A, Representative flow cytometry dot plot showing purity of iNKT cells as lymphocytes expressing CD3 and the
Va24)18 TCR. B, Flow cytometric dot plot showing CD4 and CD8 expression by gated expanded iNKT cells. C, Flow cytometric dot plot showing cell-surface CD107a
expression by iNKT cells after exposure to A549 cells treated with medium (left) or w-GalCer + DAC (right). D, Mean (4 SEM) frequencies of iNKT cells that expressed
CD107a after co-culture with DAC-treated A549 cells pulsed with glycolipids or controls. Percentages of iNKT cells that expressed CD107a in response to PBS- or DAC-
treated A549 cells were compared to those exposed to A549 cells treated with vehicle alone using a two way ANOVA with Bonferroni’s multiple comparison test. Results
are means of 3 experiments. E, % inhibition of cytolytic degranulation by iNKT cells in response to DAC-treated A549 cells pulsed with a-GalCer or 7DW8-5 or vehicle
using an anti-CD1d mAb. Results are means of 4 experiments. “p < 0.05, “*p < 0.01, ***p < 0.001.

hypothesize that iNKT cells represent an important component
of anti-tumor immunity against NSCLC and that immuno-
therapies that boost their numbers and activities may benefit
patients.

Whereas the therapeutic capacity of iNKT cells for cancer is
well-documented in murine models,”'®'” several phase I trials
in humans using a-GalCer, «-GalCer-loaded DC, or ex vivo-
expanded autologous iNKT cells in humans have shown little
therapeutic benefit.”>>****! ¢-GalCer caused minimal toxicity
in humans but only a small subset of patients achieved disease
stabilisation or partial response. The discrepancies between
mouse and human trials may be the result of dramatic differen-
ces in iNKT abundancies and subset distributions between the
two species,' " or to factors related to tumor stage and ongo-
ing therapies. The low clinical efficacies of the iNKT cell-based
immunotherapies tested in humans to date may also be due to
the fact that tumor cells frequently do not express CD1d. Some
tumor types such as prostate cancers, myelomonocytic leukae-
mia and some neurologic tumours, express CD1d and as such
can be targeted for NKT-mediated cell killing.”* However, most
human and mouse solid tumors are CD1d-negative. Over the
last number of years increasing evidence has suggested that
cancer cells are capable of downregulating MHC class I mole-
cules in an attempt to evade immunosurveillance.”** Downre-
gulation of CD1d has been documented in many tumor types
including breast® and cervical carcinoma® and is associated
with increased malignancy. We hypothesized that NSCLC cells

similarly downregulate CD1d expression to evade the actions
of iNKT cells. Such downregulation of CD1d expression could
be the result of epigenetic modifications that take place in can-
cer cells.

To determine whether CD1d expression is altered in
patients with NSCLC, we interrogated the Lung Cancer
Explorer database and found that CD1d expression is signifi-
cantly lower in the lungs of patients with lung adenocarcinoma
and squamous cell carcinoma. Furthermore, by interrogating
the KMPlot database, we found that low expression of CD1d
was associated with significantly worse overall survival in
patients with NSCLC. We then analysed NSCLC patients for
variations in overall survival due to NSCLC histology, gender
and smoking status. Using univariate analysis we found that
high expression of CD1d was associated with significantly
improved overall survival in squamous cell carcinoma patients,
males and smokers. 48% of the adenocarcinoma patients and
71% of the squamous cell carcinoma patients were male, there-
fore the over-representation of males in the squamous cell car-
cinoma group, may contribute to the significance of the link
between high CD1d expression and survival in this group.
While low CD1d expression is associated with poor overall sur-
vival in NSCLC patients, we found that low levels of expression
of a number of other markers of immune activation were also
found to be associated with worse patient survival. This could
either reflect a direct influence of CD1d on survival or could
just be a marker for immune activation in the tumor.
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Figure 9. iNKT cells degranulate in response to low dose DAC-treated SK-MES-1 cells. SK-MES-1 cells were treated with PBS or DAC (50 nM, 100 nM and 1 uM) at 24, 48
and 72 hours. PBS and methanol (MeOH) were used as negative and vehicle controls. After a rest period of 3 days the cells were pulsed with vehicle, «-GalCer or 7DW8-5
for 24 hours, and then co-cultured for 4 h with iNKT cells and a mAb specific for CD107a. In some wells, 10 r.g/ml of a blocking antibody specific for CD1d was included.
PMA and ionomycin (P/l) treatment was used as a positive control. A, Flow cytometric dot plot showing cell-surface CD107a expression by iNKT cells after exposure to
medium (left) or a-GalCer + DAC (right). B, Mean (£ SEM) frequencies of iNKT cells that expressed CD107a after co-culture with control SK-MES-1 or DAC-treated SK-
MES-1 cells pulsed with glycolipids. Percentages of iNKT cells that expressed CD107a in response to PBS- or DAC-treated SK-MES-1 cells were compared to those exposed
to SK-MES-1 cells treated with vehicle alone using a two way ANOVA with Bonferroni’s multiple comparison test. Results are representative of 3 experiments. C, % inhibi-
tion of cytolytic degranulation by iNKT cells in response to DAC-treated A549 cells pulsed with a-GalCer or 7DW8-5 or vehicle using an anti-CD1d mAb. Results are means

of 4 experiments. (““p < 0.01, ***p < 0.001).

Epigenetics is defined as the sum of all stable and herita-
ble changes to gene expression that do not occur as a result
of changes to the underlying DNA sequence.”” Chromatin
structure defines the condition in which DNA is organised
and allows for transcriptional repression or activation of
genes.” Epigenetic mechanisms such as DNA CpG methyl-
ation and histone post-translational modifications affect
chromatin structure and gene expression by changing the
accessibility of transcription factors to the promoter regions
of genes. Aberrant acetylation patterns also contribute to
cancer proliferation in various cancers, including gastric
and lung,® and over-expression of HDACs have been
observed in lung cancer.”

Treatment with HDACi TSA and SAHA were shown to
induce CD1d expression in A549 cells.*” We hypothesized
that CD1d expression is epigenetically regulated and that
treatment with DNMTi and HDACi could induce CD1d
expression in NSCLC cancer cell lines. A549 and SK-MES-1
cells were treated with HDACi TSA and SAHA, and CD1d
was found to be significantly increased at the mRNA level
and this significant increase in expression was maintained
following a recovery period in SAHA-treated A549 cell
lines. HDAC inhibitors prevent the action of HDACs which
silence genes by removing acetyl groups from histones.

These results corroborate evidence that HDACs are over-
expressed in lung cancer. To see whether a similar induc-
tion of CD1d expression was possible using DNMTi, A549
and SK-MES-1 cells were treated with DAC and GEM.
Both cell lines showed an increase in CDI1d expression at
the mRNA following DNMTi treatment indicating that
aberrant DNA methylation patterns affect the expression of
CD1d in NSCLC. Treatment with DNMT inhibitors remove
hypermethylation of the CDI1d promoter resulting in an
upregulation of CD1d expression. To assess whether the
changes in CDI1d expression were due to direct conforma-
tional changes at the CD1d promoter, a ChIP analysis was
performed on A549 cells treated with TSA. The analysis
showed that HDAC inhibition causes a conformational
change in the chromatin landscape, allowing histone post-
translational modifications to occur at the promoter region
of the CD1d gene.

We hypothesized that DAC could be used to induce
CD1d expression at the protein level in A549 and SK-MES-
1 cell lines, and that this induction would correlate with
increased iNKT cell-mediated cytolytic degranulation. High
dose DAC treatment is associated with extreme toxicities*®
whereas transient DAC treatment have been shown to sus-
tain long-term anti-tumor effects and to maintain its
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targeting of DNA methylation processes and alterations of
gene expression.”” A549 and SK-MES-1 treated with a series
of low dose DAC treatments were found to induce and
maintain CD1d expression for up to four days. This
increase in CDI1d expression was associated with an
increase in cytolytic degranulation by iNKT cells when the
tumor cells were pulsed with the iNKT cell agonist ligands
a-GalCer or 7DW8-5. No degranulation occurred in the
absence of a-GalCer or 7DW8-5 but significant degranula-
tion occurred when iNKT cells were co-cultured with DAC-
untreated A549 and SK-MES-1 cells treated with these gly-
colipids. This suggests that the untreated tumor cell lines
express low levels of CD1d and these levels are augmented
by treatment with DAC. Antibody blocking of CD1d indi-
cated that cytolytic degranulation by iNKT cells in response
to DAC-untreated or DAC-treated A549 and SK-MES-1
cells is at least partially CD1d-dependent. While it is possi-
ble that stimulatory ligands other than CD1d, such as MHC
or ligands for NKG2D, may contribute to iNKT cell cyto-
toxicity, this is unlikely because iNKT cell degranulation
only occurred in the presence of the CD1d-binding glycoli-
pids a-GalCer or 7DW8-5.

This study has shown that it is possible to increase CD1d
expression in NSCLC cell lines using epigenetic targeted thera-
pies in vitro and that this increase in expression is associated
with increased cytolytic degranulation by iNKT cells. This
observation is noted for both an adenocarcinoma and a squa-
mous cell carcinoma cell line, but future studies are required to
determine if the same treatment can induce CD1d expression
by fresh tumor cells. Our results suggest that epigenetic modify-
ing agents may augment the efficacies of iNKT cell based
immunotherapies, which in turn may complement current che-
motherapies for NSCLC. The epigenetic agents used in this
study are FDA approved drugs that are indicated in the treat-
ment of acute myeloid leukemia and cutaneous T cell lym-
phoma. By combining iNKT-based therapeutic strategies with
epigenetic targeting agents, both which have previously been
found to have therapeutic benefit in other patient populations,
personalized medicines may be devised to combat the high
mortality rates and poor treatment options associated with
NSCLC.

Materials and methods
Subjects

Venous blood samples were obtained from 9 chemotherapy-
naive patients with NSCLC (5 females and 4 males; median age
60; range 53-75) and 13 healthy donors (8 females and 5 males;
median age 59; range 50-64) after informed consent. BAL sam-
ples were obtained from 33 patients over 18 years of age who
were undergoing a clinically-indicated bronchoscopy and had
given written informed consent for retrieving additional bron-
chial washings for research.”” Of these, 7 patients had con-
firmed NSCLC (1 female and 5 males; median age 67.5; age
range 57-81) and 26 were non-cancer subjects (15 females and
12 males; median age 62; age range 32-91) and did not have a
known (or ensuing) diagnosis of malignancy or sarcoidosis.

Ethical approval for this study was obtained from the Research
Ethics Committee of St. James’s Hospital, Dublin.

Blood and BAL preparation

PBMC were prepared from blood samples by standard density
gradient centrifugation over Lymphoprep™ (Axis-Shield).
BAL samples were obtained during bronchoscopy. 150 ml of
saline was injected into the lungs and 50-90 ml was retrieved.
Samples were plated overnight to remove macrophages by
adherence purification, as previously reported.”® Cells were
washed thrice with PBS and counted before analysis by flow

cytometry.

Antibodies and flow cytometry

A mAb specific for CD1d was obtained from BD Biosciences
(555749). MADs specific for CD3 (300330), CD4 (344612),
CD8« (300908), CD107a (328605) and the Vw24Ja18 TCR
found on iNKT cells (clone 6B11; 342908) were obtained from
BioLegend. Cells were stained with mAbs in PBS containing
1% bovine serum albumin and 0.02% sodium azide, and ana-
lysed using a FACSCanto II flow cytometer (BD Biosciences)
and FlowJo software (Tree Star). Lymphocytes were gated on
and any doublets or dead cells were excluded from the analysis.
Single stained controls were used to set compensation parame-
ters and fluorescence-minus-one controls were used to set
gates. INKT cell frequencies were expressed as percentages of
lymphocytes. Absolute numbers of iNKT cells were determined
from viable cell counts and expressed as cells/ml of blood or
BAL.

Analysis of associations between CD1d mRNA expression
and incidence and survival of NSCLC

CD1d expression levels were compared between lung adenocar-
cinoma, squamous cell carcinoma and healthy lung by interro-
gating the Lung Cancer Explorer database (https://qbrc.swmed.
edu/projects/lungcancer/), which used datasets obtained by
molecular profiling of patients and control subjects enrolled in
the Cancer Genome Atlas Research Network.®*> NSCLC
patient groups in the KMPlot database™* were analysed to
determine whether high CD1d mRNA expression is associated
with improved overall survival. Patients were divided into high
and low CD1d mRNA expression groups, with the best per-
forming threshold being used as the final cut-off in a univariate
Cox regression analysis. Basic univariate analysis was per-
formed to assess overall survival in NSCLC patients of all his-
tologies. Additional univariate analyses were performed to see
whether overall survival rates differed between histological sub-
types, genders and smoking status. The analysis was considered
significant if p < 0.05.

NSCLC cell lines

The human adenocarcinoma alveolar basal epithelial cell line,
A549, and the human lung squamous cell carcinoma cell line,
SK-MES-1, were obtained from the American Tissue Culture
Collection. A549 cells were cultured in F-12 (Ham) medium
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supplemented with 10% FBS, 2 mM L-glutamine, 50 mg/mL
streptomycin and 50 U/mL penicillin. SK-MES-1 cells were
maintained in Eagle’s minimum essential medium supple-
mented with 10% FBS, 2 mM L-glutamine, 0.1 M non-essential
amino acids, 50 mg/mL streptomycin and 50 U/mL penicillin
(Gibco-BRL and Thermo-Scientific). Cells were maintained at
37°C in a humidified atmosphere of 5% CO, and split when
they reached 80% confluency.

Epigenetic agents

5-aza-2'deoxycytidine (DAC) was obtained from Merck
(189825) and used at concentrations ranging from 50 nM to
5 uM for up to 72 hours. Gemcitabine hydrochloride (2'-deoxy-
2/, 2'diflurocytidine hydrochloride; GEM) was obtained from Eli
Lilly (0002-7501-01, 0002-7502-01) and used at 200 nM to
1 uM for 24 h. Trichostatin A (TSA) was obtained from Calbio-
chem (647926) and used at 250 ng/ml for 24 h. Suberanilohy-
droxamic acid (SAHA or Vorinostat) was obtained from
Caymen Chemicals (10009929) and used at 5 uM for 24 h.

Analysis of CD1d mRNA expression

Total RNA was extracted using TRI reagent (Sigma-Aldrich;
T9424) according to the manufacturer’s instructions and was
quantified using a Nanodrop ND-1000 Spectrophotometer
(Labtech). cDNA was generated from 1 ug of total RNAin 1 h
reactions at 42°C using RevertAid reverse transcriptase, deoxy-
nucleotides (Thermo Scientific;c EPO441 and 10297018) and
oligo-dT}, ;s primers (Eurofins) according to the manufac-
turer’s instructions.

Cell lines were examined for the expression of CDId (234
bp) and B-actin (510 bp) by RT-PCR using the following pri-
mers: forward 5-AAGCCTGTATGGGTGAAG-3' and reverse
5'-GACTGCCAAGGCAATCAAGC-3' for CD1d and forward
5-AGCACTGTGTTGGCGTACAG-3' and reverse 5'-
TGTTTGAGACCTTCAACACCC-3' for P-actin obtained
from Harvard PrimerBank.*® Cycling conditions consisted of
95°C for 5 min, followed by 35 repeat cycles of 1 min at 94°C,
1 min at the target gene annealing temperature (56°C for both
CD1d and B-actin), and 1 min at 72°C with a final extension at
72°C for 10 min. Experiments conducted on cell lines were car-
ried out in triplicate and PCR products were electrophoresed
on 1% agarose gels and quantified using TINA 2.09¢ (Raytest)
densitometry software. Target mRNA expression was standar-
dised against S-actin controls, and expressed as a ratio of target
mRNA expression: S-actin expression.

Validation of a subset of RT-PCR results was confirmed
using SYBR green based quantitative real-time PCR (RT-
qPCR). RT-qPCR reactions were carried out for CD1d using
the same primers as above with the following primers for 18S
rRNA used as the reference. Forward: 5'-GATGGGCGGCG-
GAAAATAG-3" and Reverse: 5-GCGTGGATTCTGCATAA
TGGT-3'.

qPCRs were carried out on a PCRmax Eco 48 using SYBR
Green qPCR Master Mix (Bimake) and a 2-step qPCR program
with the following cycling parameters: An initial polymerase
activation of 95°C for 10 minutes followed by 40 cycles of 95°C
for 15 seconds and annealing/amplification at 58°C for
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60 seconds. A melting curve analysis was conducted at the end
of each PCR using 95°C for 15 seconds, 55°C for 15 seconds
and a final 95°C for 15 seconds. Data were analysed using the
default in-built AACq analysis settings for relative quantifica-
tion (Relative Expression) in the Eco Study software.

Chromatin immunoprecipitation (ChIP) assays

Chromatin immunoprecipitation (ChIP) was performed as fol-
lows: following treatments, cells were fixed with 1% formalde-
hyde, suspended in SDS lysis buffer (Merck Millipore; 20-163)
and sonicated until DNA was fragmented into lengths of
between 200 and 1000 bp. Aliquots of this sheared DNA were
subsequently immunoprecipitated using the OneDayChIP Kit
(Diagenode; C01010081) according to the manufacturer’s
instructions.

The antibodies used for immunoprecipitation were as fol-
lows: pan acetylated-histone H3 (H3Ac), pan acetylated-his-
tone H4 (H4Ac), acetylated-histone H3 lysine 9 (H3K9Ac),
acetylated-histone H3 lysine 9/14 (H3K9/K14Ac), methylated
histone H3 lysine 4 (H3K4Me), di-methylated histone H3
lysine 4 (H3K4Me2), di-methylated histone H3 lysine 9
(H3K9Me2), acetylated histone H3 lysine 9 phosphoserine 10
(H3K9S10), tri-methylated histone H4 lysine 20 (H4K20Me3)
and tri-methylated histone H3 lysine 27 (¢H3K27Me3). All
antibodies were obtained from Milipore and Sigma-Aldrich. A
no-antibody control was included to test for specificity.

Primers used to study the promoter region of CD1d by ChIP
(211 bp) (Forward 5-CCACCTAGAGACATGTACTGC-3/,
Reverse 5'-CGCTCACTTCAGTAGGTTTC-3')** were pur-
chased from Sigma Aldrich. PCR cycling condition consisted
of: 95°C for 5 min followed by 40 repeat cycles of 95°C for
1 min, 60°C for 1 min, and 72°C for 1 min with a final exten-
sion at 72°C for 10 min.

Generation and maintenance of iNKT cell lines

iNKT cells were enriched from total human PBMC by magnetic
bead separation using anti-iNKT cell Microbeads (Miltenyi
Biotec; 130-094-842) followed by sorting of Va24Ja18* CD3™
cells using a MoFlo XDP Cell Sorter (Beckman Coulter). Highly
purified iNKT cells were expanded by culturing 1,000 iNKT
cells in the wells of a 96-well round bottom microtitre plate, in
iNKT cell medium (RPMI 1640 containing 0.05 mM L-gluta-
mine, 10% HyClone FBS, 50 mg/mL streptomycin, 50 U/mL
penicillin, 2.5 pg/ml amphotericin B - fungizone, 25 mM
HEPES, 50 uM 2-mercaptoethanol, 1 mM sodium pyruvate,
1% non-essential amino acids mixture and 1% essential amino
acids mixture; Gibco-BRL and Thermo-Scientific) and stimu-
lating them with the iNKT cell glycolipid ligand o-GalCer
(100 ng/ml; Funakoshi; KRN7000) and 250 U/ml IL-2 (Milte-
nyi Biotec; 130-097-745) in the presence of an excess (2 x 10°)
irradiated allogeneic PBMC prepared from two donors. Stock
a-GalCer was thawed followed by heating to 80°C for
2 minutes, sonication for 10 minutes and vortexing for 1 minute
before diluting to the required concentration in iNKT cell
medium followed by heating to 80°C for 2 minutes, sonication
for 5 minutes and vortexing for 1 minute before each further
dilution. After 24 hours and again after 48 hours and
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subsequently every 3-4 days, medium was replaced with fresh
iNKT cell medium containing 250 U/ml IL-2. Cells were
expanded for a minimum of 3 weeks before being used in
experiments. iINKT cells were kept at high cell densities and
split 1 in 2 in fresh 96-well plates when multiple cell layers
were observed using an inverted microscope. Cells were re-
stimulated as above every 4-6 weeks. The purities of iNKT cells
were >98% as determined by flow cytometry.

CD107a degranulation assay

Cytolytic degranulation by iNKT cells cultured with glycolipid-
pulsed NSCLC cells was examined by flow cytometric analysis
of CD107a expression by iNKT subsets. A549 or SK-MES-1
cells were treated with PBS or DAC (50 nM, 100 nM and
1 uM) at 24, 48 and 72 hours. Methanol was used as a vehicle
control. After a rest period of 3 days the cells were pulsed with
either 100 ng/ml a-GalCer or 10 ng/ml 7DW8-5 (Funakoshi)
for 24 hours, and then co-cultured with iNKT cells for 4 hours
at 1:1 ratios in the presence of anti-CD107a FITC mAb. In
some wells, 10 pg/ml of a blocking antibody specific for CD1d
(clone CD1d42; BD Biosciences) was included. Monensin
(25 uM) was added after 1 hour to prevent proteolysis of the
mADb conjugate upon reinternalization of CD107a. iNKT cells
treated with 50 ng/ml PMA and 1 pg/ml ionomycin were used
as positive controls. Cytolytic degranulation by iNKT cells was
examined by flow cytometric analysis of CD107a expression.
We previously have shown that CD107a expression by iNKT
cells directly correlates with target cell death."'

Statistical analysis

Survival analysis of NSCLC patient groups in was carried out
using Lung Cancer Explorer and KMPlot analysis.** Statistical
analysis of other data was performed using GraphPad Prism
v5.0. Data were expressed as mean =+ standard error of the
mean and analysed using one- or two-way ANOVA with either
Bonferroni or Dunnett’s post-hoc test or a t test with Welch’s
correction. The Bonferroni Test was used for multiple compari-
son analysis while Dunnett’s Post Test was used to compare
each sample mean against a control mean. Welch’s correction
is used for unequal sample sizes and does not assume that the
variances of the two populations are equal. The data was con-
sidered significant if p < 0.05.

Abbreviations

a-GalCer
BAL

a-galactosylceramide
bronchoalveolar lavage

DAC Decitabine (5-Aza-2'-Deoxycytidine)
DNMT DNA methyltransferases

DNMTi  DNA methyltransferase inhibitor
GEM gemcitabine hydrochloride

HDAC histone deacetylase

iNKT cell invariant natural killer T cell
KMPIlot  Kaplan-Meier Plotter

NSCLC  non-small cell lung cancer

SAHA suberoylanilide hydroxamic acid
TSA trichostatin A
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