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Abstract

STING (stimulator of IFN genes) signaling is an innate immune pathway for induction of a
spontaneous antitumor T cell response against certain immunogenic tumors. Although antigen
presenting cells are known to be involved in this process, insight into the participation of tumor
cell-intrinsic STING signaling remains weak. In this study, we find diversity in regulation of
STING signaling across a panel of human melanoma cell lines. We show that intact activation of
STING signaling in a subset of human melanoma cell lines enhances both their antigenicity and
susceptibility to lysis by human melanoma tumor infiltrating lymphocytes (TILs) through the
augmentation of MHC class | expression. Conversely, defects in the STING signaling pathway
protect melanoma cells from increased immune recognition by TILs and limit their sensitivity to
TIL lysis. Based on these findings, we propose that defects in tumor cell-intrinsic STING
signaling can mediate not only tumor immune evasion but also resistance to TIL-based
immunotherapies.
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Introduction

Successful cancer immunotherapies are based on knowledge about tumor immune-escape
mechanisms and routes to promote antitumor immunity. A network of biological pathways
coordinates interactions between tumor cells and the immune system and dictates
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elimination, establishment, or progression of tumors [1, 2]. Tumors cells can escape the
host’s immune recognition through elaborate mechanisms involving tumor-cell-intrinsic and
extrinsic elements [3]. A factor limiting the successful use of checkpoint therapy or adoptive
cell therapy (ACT) in humans is the loss of immunogenicity and the lack of tumor antigen
recognition by cytotoxic T cells [4, 5], which could be due to lack of antigenic mutations,
loss of tumor antigen expression, loss of MHC class | expression, or other alterations in
antigen processing machinery in tumor cells [6].

Both spontaneous and iatrogenic immunogenicity of tumors can be influenced by type | and
type Il interferons (IFNs) [7-9]. Indeed, type | IFNs bridge innate and adaptive immunity
and provide necessary inflammatory signals. Both in primary carcinogen—induced and
transplantable tumor models, spontaneous T cell response depends on endogenous induction
of type I IFNs [10]. Studies using gene-targeted mouse models deficient in innate immune
pathways have indicated that this response is mediated by STING (stimulator of IFN genes)
signaling [11].

STING is a transmembrane protein that is activated by cyclic dinucleotides (CDNSs)
generated by the cellular synthase, cyclic GMP-AMP synthase (cGAS), following the
detection of cytosolic double-stranded DNA (dsDNA) [12, 13]. Activation of STING
triggers a signaling cascade involving activation of TANK-binding kinase-1 (TBK1),
phosphorylation of IRF-3, and production of type | IFNs [14].

Much work has focused on identifying the innate immune components that contribute to
STING-dependent antitumor immunity. Antigen presenting cells (APCs) help induce
antitumor immunity in response to both endogenous and enforced activation of STING
signaling in the tumor microenvironment [11, 15]. Beside APCs, activation of STING
signaling in some tumor cells including lymphoma and prostate cancer cells has been shown
to be involved in promoting antitumor immunity [16, 17].

However, disruption of STING signaling through multiple mechanisms has been reported in
a number of human cancers, including melanoma [18, 19]. This raises the question of
whether tumor cells acquire defective STING signaling as a mechanism to blunt immune
recognition. Therefore, in this study we have investigated the function of tumor cell-intrinsic
STING signaling in the regulation of tumor immunogenicity using models of STING-intact
and STING-defective human melanoma cell lines. We show that intact activation of STING
signaling enhances MHC class | surface expression in melanoma cells and sensitizes their
lysis by human melanoma tumor infiltrating lymphocytes (TIL) as reflected by increased
specific killing and IFN-y production by TIL. The finding that STING signaling is
dysfunctional in a subset of the tested melanoma cell lines suggests that defects in STING
signaling can negatively impact immune recognition in melanoma and can promote
resistance to T cell-based immunotherapies.
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Materials and Methods

Preparation of TIL

Melanoma TILs were established as described previously [20]. Briefly, melanomas were
minced into 1-2 mm3 fragments and plated in 24-well plates with 2 mL TIL culture medium
(TIL-CM) containing 6000 1U/mL IL-2 (proleukin) per well. The TIL-CM consisted of
RPMI 1640, 2.05 mM L—glutamine (HyClone, Thermo Fisher Scientific), 10% heat-
inactivated human AB serum (Omega Scientific), 55 uM 2-mercaptoethanol (Invitrogen), 50
pg/mL gentamicin (Invitrogen), 100 IU/mL penicillin, 100 pg/mL streptomycin, and 10 mM
HEPES Buffer (Mediatech). Half of the medium was replaced every 2 to 3 days or wells
were split when 90% confluent. TILs were expanded for 3-5 weeks. HLA typing of TILs
was performed by the HLA Laboratory (American Red Cross, Dedham, MA). TIL 195, TIL
19 and TIL 123 were HLA-A typed as A02, A02/26 and A02/11, respectively.

Melanoma cell lines

Human melanoma cell lines 1205Lu, A375, SBCL2, WM9, WM35, WM39, WM164,
WMB858, WM1361A, WM1366, WM2032, WM3130, WM3629 (provided in 2011 by Dr.
Keiran Smalley, Moffitt Cancer Center, Tampa, FL), 526-MEL and 888-MEL (obtained in
2004 from the Surgery Branch, NCI/NIH, Bethesda, MD) were maintained as monolayers in
complete medium consisting of RPMI 1640 supplemented with 10% heat-inactivated FBS
and antibiotics. All cell lines were passaged less than 10 times after initial revival from
frozen stocks and repeatedly tested for mycoplasma. Cell lines were not authenticated in the
past year. HLA typing of melanoma cell lines was performed by the HLA Laboratory
(American Red Cross, Dedham, MA). WM39, WM3629, and 526-MEL were HLA-A typed
as A01/02, A02/30 and A02/03, respectively.

Knockdown of STING in WM39 cells was achieved using lentiviral particles carrying a
target gene sequence for human STING (TMEM173) (catalog no. TL307876V) or
scrambled control (catalog no. TR30021V) (Origene Technologies). The targeting sequence
for STING was: 5’-GCAACAGCATCTATGAGCTTCTGGAGAAC. Transduced cells were
selected by addition of puromycin (0.5 pg/ml) to the medium 24 h after infection.

STING agonist stimulation

Human melanoma cell lines (4x10° cells/well in 24-well plates) were stimulated with 2°3’-
cGAMP (Invitrogen) (10 pg/ml) in the presence of lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. After 4 or 24 hours of incubation at 37°C in a
humidified CO, incubator, the supernatants were collected for detection of CXCL10 and
IFN-B release using enzyme-linked immunosorbent assays (Quantikine ELISA Kit, R&D
Systems), and cells were scraped, washed and lysed for assessment of IRF3 phosphorylation
by immunoblot. For the IFNAR blocking studies, melanoma cells were incubated with anti-
IFNAR2 (clone MMHAR-2, PBL Assay Science) at a final concentration of 5 pg/mL for 1
hour at 37°C prior to stimulation with 2°3’-cGAMP.
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Immunoblot analysis

Proteins were extracted with RIPA buffer (ThermoFisher Scientific) containing protease
inhibitors (Thermo Scientific). Protein extracts from NK92, a natural killer cell line, was
used as a positive control for the expression of STING and cGAS [21]. Equal amounts of
proteins were resolved on SDS-PAGE gels (Bio-Rad) and transferred to polyvinylidene
fluoride (PVDF) membranes (Bio-Rad). After blocking with 5% non-fat dry milk,
membranes were incubated with 1:1000 dilution of antibodies specific for STING (catalog
no. 13647), cGAS (catalog no. 15102), p-IRF3 (catalog no. 4947), IRF3 (catalog no. 11904)
(all from Cell Signaling) and 1:5000 dilution of anti-p-Actin (Sigma Aldrich, catalog no.
Ab5316). Following incubation with 1:2000 dilution of HRP-linked anti-rabbit-1gG (catalog
no. 7074) or HRP-linked anti-mouse-1gG (catalog no. 7076) (both from Cell Signaling),
bands were visualized using an enhanced chemiluminescence detection system.

Coculture assay

1 x 10° of melanoma cells were cultured with TILs at a 1:1 ratio with or without 2’3’-
CGAMP (10 pg/ml) in 96-well round-bottom plates. After 24 hours of incubation at 37°C in
a humidified CO, incubator, the supernatant was harvested for detection of IFN-vy release
using enzyme-linked immunosorbent assay (Human IFN-y Quantikine ELISA Kit, R&D
Systems). For the MHC class | blocking assay, melanoma cells were incubated with W6/32
(anti-HLA-A,B,C monoclonal antibody, Biolegend) at a final concentration of 10 pg/mL for
1 hour at 37°C prior to the addition of TIL.

S1Cr-release assay

Lysis of melanoma cell targets by their HLA-matched TIL cultures was measured in a
standard °!Cr release assay, as described previously [22]. Briefly, 1 x 108 melanoma cells
were labeled with 100 uCi of °1Cr (Amersham Corp) for 2 h at 37°C. Following three
washes with HBSS, labeled target cells were resuspended in TIL CM with or without 2°3’-
cGAMP (10 pg/ml) at a concentration of 5 x 104 tumor cells/ml and added to the effector
cells at different effector-to-target cell ratios in a 96-well plate and incubated at 37 °C. In
addition, two control conditions were included in this assay: a minimum release control
containing just the target cells and a maximum release control in which target cells were
lysed by TritonX-100. After 4 hours, supernatant was harvested and measured in Trilux
(PerkinElmer). Each point represented the average of quadruplicate wells and percentage of
specific lysis was calculated by: (experimental release — minimum release)/ (maximum
release— minimum release) x 100. Lytic units were calculated as the number of effector cells
required to produce 20% lysis of 5 x 103 target cells expressed as the inverse and normalized
to 1 x 108 cells [23].

Flow cytometry

Flow cytometry was performed using HLA-A.B.C-PE antibody (1:100, Biolegend, clone
W6/32). DAPI (Sigma-Aldrich) was used as a viability dye. Sample acquisition was
performed on an LSR Il flow cytometer (BD Biosciences), and the data were analyzed using
FlowJo software (Tree Star).
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Statistical methods

Results

Statistical analyses were performed using GraphPad Prism7 software. All data are presented
as mean + SD. Means for all data were compared by one-way ANOVA or unpaired t-test as
described in the figure legends. P values of statistical significance are represented as *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Identification of melanoma cell lines with intact STING signaling

To identify melanoma cell lines with intact STING signaling, we first evaluated expression
of STING and cGAS in a panel of human melanoma cell lines by immunoblot (Fig. 1A). We
found varying expression of STING and cGAS among these cell lines consistent with a
previous report [19]. STING was not detectable in 9 of 16 melanoma cell lines (WM35, 888-
MEL, SBCL2, 1205Lu, WM2032, WM858, WM266—-4, WM1361A and WM3130). We
identified A375, WM1366, WM39, WM9, WM3629 and WM164 as STING™ cell lines (Fig.
1B). cGAS was detected in 10 of 16 cell lines (Fig. 1C), and only three cell lines (WM9,
WM3629 and WM164) expressed both cGAS and STING.

We next investigated the functional STING signaling activation by stimulating melanoma
cell lines with the STING agonist 2°3’-cGAMP. As this agonist activates STING signaling in
a cGAS-independent manner, we selected 5 STING™ cell lines (WM164, WM9, WM39,
A375 and WM1366) and 1 STING™ cell line (WM2032). We performed immunoblot
analysis on cell extracts after stimulation with 2°3’-cGAMP to assess phosphorylation of the
transcription factor IRF3, which is a downstream regulatory element for STING-dependent
type | IFN induction [24]. We observed phosphorylation of IRF3 in four of five STING™ cell
lines following their stimulation with 2’3’-cGAMP (Fig. 1D and E). As expected,
phosphorylation of IRF3 was not detected for the 2°3’-cGAMP stimulated WM2032
(STING™) cell line. We next determined STING-dependent CXCL10 and IFN-p induction in
cell culture supernatants of the indicated melanoma cell lines following stimulation with
2'3’-cGAMP or STING-independent cytokine induction following stimulation with polyl:C
(Fig. 1F and G and Supplementary Fig.S1A and B). Although WM9 and WM39 induced
detectable CXCL10 and IFN-B expression in response to stimulation with 2°3’-cGAMP,
polyl:C stimulation resulted in STING-independent induction of CXCL10 and IFN-p for all
the cell lines except WM164.

Activation of STING signaling enhanced antigenicity of human melanoma cell lines

To study the role of STING signaling in antigenicity of melanoma, we initially selected
WM39 (HLA-A2), as this cell line responded strongly to STING signaling activation with
2’3’-cGAMP. We used WM39 in cocultures of HLA-A2-restricted human melanoma TILs
(TIL 195) in the presence or absence of the STING agonist. We also included experimental
conditions in which WM39 cells were pre-incubated with an MHC class | blocking Ab
(W6/32), to determine whether IFN-y release was mediated by CD8" TIL TCR engagement
with peptide/MHC class I.
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We assessed the antigenicity by IFN-vy release and found that when cocultures were
performed with 2°3’-cGAMP-treatment, there was significantly enhanced IFN-y secretion
by HLA-matched TIL 195 (Fig. 2A). We also observed blockade of IFN-vy release in the
presence of the MHC class I blocking Ab (W6/32), which confirmed MHC class I-mediated
CD8" reactivity.

We also measured CXCL10 and IFN-B (Fig. 2A) expression in coculture supernatants to
confirm 2’3’-cGAMP-triggered activation of STING signaling. Although we observed
CXCL10 induction in the coculture group without 2’3’-cGAMP, this effect was related to
STING-independent and IFN-y-mediated induction of CXCL10 in WM39 cells [25].
Induction of IFN-p in coculture groups with 2’3’-cGAMP confirmed activation of STING
signaling. We did not observe IFN-B induction for the control group containing TILs with
2’3’-cGAMP which suggests tumor cells are the main source of IFN-f expression in the
coculture group in response to stimulation with the agonist. Taken together, these data
indicate that activation of STING signaling enhances antigenicity of WM39 cells.

To further investigate the impact of STING activation on antigen-presentation and immune T
cell activity, we pulsed WM39 cells with MART-1 (a melanoma specific peptide recognized
by HLA-A2-restricted TILs [26]), and cocultured them with TIL 195 in the presence or
absence of the STING agonist 2’3’-cGAMP (Fig. 2B). Similarly, we found a significantly
increased (p < 0.0001) secretion of IFN-y by TIL 195 in the 2°3’-cGAMP-treated coculture
group. Consistent with the WM39 cocultures, we observed similar patterns of CXCL10 and
IFN-B (Fig. 2B) induction for MART-1-pulsed WM39 cocultures, which confirmed
activation of STING signaling in 2’3’-cGAMP-treated groups.

We also cocultured MART-1 pulsed WM39 cells with two additional HLA-A2 TILs
(Supplementary Fig.S2A and B). Similarly, we found higher IFN-y production (p < 0.01) by
both TIL samples in 2’3’-cGAMP-treated cocultures compared to the untreated cocultures.
Furthermore, we tested the WM3629 (HLA-A2) melanoma cell line that in our earlier
experiments responded to 2’3’-cGAMP stimulation but to a lesser extent than WM39
(Supplementary Fig. S3), and used it in cocultures with TIL 195 in the presence or absence
of the STING agonist (Fig. 2C). Stimulation with 2°3’-cGAMP similarly resulted in
increased (p < 0.01) IFN-y release in WM3629/TIL 195 cocultures, indicating that the
enhancing effect of 2’3’-cGAMP was not restricted to the WM39 melanoma cell line.

We observed a decrease (p < 0.0001) in the expression of CXCL10 in the agonist-treated
cocultures compared to the untreated cocultures (Fig. 2A-C). As tumor cells are the primary
source of CXCL10 expression, this is likely an indication that more tumor cells were lysed
by TILs in the agonist-treated groups compared to the untreated controls.

STING signaling is required in melanoma cells for agonist-induced improved antigenicity

Given the impact of the STING agonist on IFN-+y release in melanoma/TIL cocultures, we
next sought to determine whether this was due to the direct activation of STING signaling in
melanoma cells. To address this possibility, we cocultured the 526-MEL (HLA-A2)
melanoma cell line that did not respond to 2°3’-cGAMP stimulation (Fig. 3A-C) with two
HLA-A2-restricted TILs (TIL 19 and TIL 195) in the presence or absence of the STING
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agonist. In parallel cocultures we used WM39 cells with the same TIL samples (Fig. 3D and
E). 526-MEL stimulated higher IFN-y release from TIL 19 compared to WM39 cells.
However, in contrast to WM39/TIL 19 cocultures for which stimulation with 2°3’-cGAMP
resulted in 24-fold higher (p < 0.001) IFN-y release than the untreated group, agonist
treatment did not induce any increased IFN-vy secretion for 526-MEL/TIL 19 coculture (Fig.
3D). Similarly, we did not find any increase in IFN-+y release for the 526-MEL/TIL 195
cocultures in the presence of the agonist (Fig. 3E), suggesting that STING agonist-mediated
enhanced antigenicity is driven by activation of STING signaling in melanoma cells.

STING activation in melanoma lines improves cytotoxic T lymphocyte-mediated lysis

We next performed ®1Cr release cytotoxicity assays using WM39, MART-1 pulsed WM39,
WM3629, and 526-MEL as target cells and TIL 195 as effector cells in the presence or
absence of 2’3’-cGAMP to determine cytolytic activity of TILs against melanoma cells
stimulated with the agonist. Similar to our finding of increased TIL production of IFN-vy,
STING activation in both WM39 and MART-1 pulsed WM39 cells increased their lysis by
TIL 195 (>2-fold, p < 0.05) (Fig. 4A and B). Blocking MHC class | in WM39 targets
inhibited specific TIL lysis in agonist treated groups by up to 60% (p < 0.05) (Fig. 4C),
indicating that the enhanced cytotoxic activity in response to activation of STING signaling
was driven by MHC class | restricted TIL. To confirm that this effect was mediated by
cytolytic activity of TILs per se and not by the STING agonist, we included two control
groups in which WM339 target cells were incubated with or without 2’3’-cGAMP in the
absence of TILs (Supplementary Fig. S4). We found no significant difference of cytotoxicity
in these two groups, which argued that stimulation with the STING agonist alone did not
result in any major cytotoxicity. We also found increased (p < 0.05) cytotoxicity in 2’3’-
cGAMP-treated WM3629 cells compared to the controls (Fig. 4D). However, 2’3’-cGAMP
stimulation of 526-MEL targets, which were defective in STING signaling, did not alter
their specific lysis by TIL 195 (Fig. 4E). To better compare the cytolytic activity of TILs
against different agonist-treated and untreated melanoma targets, we calculated lytic units
(Fig. 4F). We found more than a 10-fold increase in lytic potential of TIL 195 against 2°3’-
CGAMP-treated WM39 and MART-1-pulsed WM39 cells compared to their controls.
Similarly, activation of STING in WM3629 cells resulted in in greater lysis by TIL 195. In
contrast, 2°3’-cGAMP-treated 526-MEL cells did not induce any increase in lysis by TIL
195.

STING activation in human melanoma cell lines induces up-regulation of MHC class |

Following our observation of enhanced antigenicity of human melanoma cell lines triggered
by agonist-induced activation of STING signaling, we next examined the expression of
MHC class | on 2’3’-cGAMP-stimulated melanoma cells. We found that surface expression
of MHC class | in all four cell lines with functional STING signaling (WM9, WM3629,
A375 and WM39) was significantly increased (p< 0.01, fold change > 1.6) following
stimulation with the STING agonist (Fig. 5A and B). In contrast, there were no significant
changes in the expression of MHC class | in 1205Lu, WM266-4, WMZ2032 and 526-MEL
cell lines with impaired STING signaling following their exposure to the agonist. To
determine whether the up-regulation of MHC class I in response to activation of STING
occurs through type | IFN signaling, we blocked type I IFN receptor using an IFNAR
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blocking antibody in WM39 cells and performed stimulation with 2°3’-cGAMP. We found
blockade of IFNAR inhibited agonist-induced upregulation of MHC class | (Supplementary
Fig.S5A and B). Together, these results indicated that activation of STING signaling could
induce up-regulation of MHC class I in a subset of melanoma cell lines, leading to more
effective immune recognition and antigen presentation to TIL.

Knockdown of STING blocks agonist-induced upregulation of MHC class |

We next knocked down STING expression in WM39 cells with lentivirus-based short
hairpin RNA targeting STING (sh-STING). We used WM39 cells expressing a nontargeting
hairpin as control cells (sh-control). Immunoblot analysis confirmed knockdown of STING
in WM39 cells transduced with sh-STING (Fig. 6A). Knockdown of STING blocked
phosphorylation of IRF3 and agonist-induced induction of CXCL10 and IFN-B in WM39
cells in response to stimulation with 2’3’-cGAMP (Fig. 6B-D) but did not affect STING-
independent induction of CXCL10 and IFN-p in response to stimulation with polyl:C
(Supplementary Fig. S6A and B). Unlike WM39 and sh-control, for which stimulation with
the agonist resulted in more than 2.5-fold higher surface expression of MHC class | (p <
0.01), stimulation with the agonist did not cause any increase in MHC class | for sh-STING
cells (Fig. 6E and F) demonstrating that upregulation of MHC class | in response to
stimulation with the agonist occurs through activation of STING signaling.

STING is essential for agonist-induced enhanced antigenicity in melanoma cells

To further confirm the role of STING signaling in enhancing antigenicity of melanoma, we
used sh-STING, sh-control and non-transfected WM39 cells in cocultures with TIL 195 in
the presence and absence of 2’3’-cGAMP. In contrast to WM39/TIL 195 and sh-control/TIL
195 cocultures, for which stimulation with the agonist resulted in more than 25-fold higher
IFN-7y release (P < 0.01), we did not find any increase in IFN-y induction in sh-STING/TIL
195 cocultures in the presence of the agonist (Fig. 7A). We also performed ®1Cr cytotoxicity
assays using sh-STING, sh-control and WM39 as target cells and TIL 195 as effector cells at
different effector to target ratios with or without 2°3’-cGAMP. Although we found increased
cytolytic activity with TIL 195 against both WM39 and sh-control in the presence of the
agonist, inhibition of STING signaling in sh-STING blocked this response (Fig. 7B), as
reflected by the corresponding lytic units (Fig. 7C).

Discussion

Immunotherapies, including adoptive cell transfer of tumor infiltrating lymphocytes and
immune checkpoint inhibitor antibodies, have shown efficacy in patients with metastatic
melanoma [5, 20, 27]. However, there remains a subset of melanoma patients treated with
immune-based therapies who do not achieve clinical benefit [28-30]. Understanding the
mechanisms underlying both successful and failed immune responses may help improve
immunotherapeutic approaches.

TIL-based immunotherapies have been developed on the basis of expanding tumor-reactive
T cells from the tumor microenvironment. Thus a spontaneous adaptive immunity exists
within tumors, although in a dysfunctional state [31, 32]. Moreover, a pre-existing CD8* T
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cell infiltrate within tumors has been associated with clinical response to checkpoint
blockade immunotherapies in melanoma patients [33], indicating the prognostic significance
of endogenous T cell responses. These observations have led to a question regarding how the
innate immune system could detect cancer and initiate a spontaneous adaptive T cell
response against tumor antigens without the presence of infectious pathogens [34].

Studies using gene-targeted mouse models deficient in specific innate immune pathways
have identified STING pathway to be the innate immune sensing mechanism for the
detection of immunogenic tumors and initiation of a spontaneous T cell response [11].
Based on this finding, multiple studies have been conducted to evaluate whether direct
activation of STING signaling using pharmacologic STING agonists could be used in
facilitating antitumor immune responses in mouse models [15, 35, 36]. Although these
studies find enhanced therapeutic activity by intratumoral administration of STING agonists,
mechanistic details regarding how direct activation of STING signaling could potentiate
antitumor immunity remain largely unknown. In fact, it is unclear how STING agonists
could impact cell types other than APCs in a tumor microenvironment, in particular tumor
cells.

Although evidence suggests STING signaling is frequently impaired in human melanoma
cells [19], there remains a subset of melanomas with STING expression for which the
function of STING activation has not been well explored. In this study, we have shown that
many melanoma cell lines have lost expression of STING and are therefore defective in
responding to stimulation with the STING agonist 2°3’-cGAMP. We have also observed
impaired functional responses to stimulation with the STING agonist in some melanoma
cells that expressed STING, suggesting that STING signaling can be inhibited not only by
suppression of STING/cGAS expression but also through other molecular mechanisms that
remain to be determined [19, 37]. We have found that stimulation with the 2°3’-cGAMP
agonist can induce STING activation in a subset of human melanoma cell lines leading to
downstream production of IFN-p and CXCL10. Such agonist-induced activation of the
STING pathway can increase antigenicity of melanoma cells through augmentation of MHC
class | expression and result in better tumor-antigen recognition by immune T cells.

Down-regulation of MHC class | is used by tumor cells to evade host immune recognition
[38, 39]. Loss or down-regulation of MHC class | was associated with fewer tumor
infiltrating lymphocytes and poor clinical outcomes in patients with metastatic melanoma.
Such correlations were found in melanoma cell lines derived from both recurrent metastases
in patients who had initially experienced clinical responses to TIL-based therapies [40-42] or
from previously untreated melanoma patients who showed resistance to anti-CTLA-4
therapy later [4]. In contrast, tumor regression was correlated with positive tumor MHC
class | expression, highlighting the functional significance of antigen presentation by tumor
cells in the initiation of successful anti-tumor responses [43].

The molecular mechanism(s) underlying STING agonist-induced up-regulation of MHC
class I remains undefined. We however have shown that it depends on activation of STING
signaling, as up-regulation of MHC class | was not observed in melanoma cell lines with
defective STING signaling following their stimulation with 2°3’-cGAMP. Also, our findings
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suggest that STING agonist-mediated up-regulation of MHC class | occurs through type |
IFN dependent mechanisms, as this effect was found in tumor cells stimulated with the
agonist in the absence of TILs and IFN-y. In addition, inhibition of this effect by blocking
IFNAR in tumor cells further supported the hypothesis that up-regulation of MHC class | in
response to activation of STING occurs through type | IFN signaling. Taken together, our
data support the concept that agonist-induced activation of STING signaling in melanomas
could be considered as a therapeutic intervention to restore MHC class | surface expression
and subsequently to enhance tumor antigen recognition and tumor cell destruction by
immune T cells.

We have shown that activation of STING signaling in melanoma cell lines results in
downstream induction of IFN-B. STING-mediated IFN-p induction in dendritic cells has
been found to be essential for their activation and the cross-priming of cytotoxic T cells [11].
Similarly, others have shown that initiation of an adaptive immune response to radiation
therapy requires STING-mediated IFN-p induction in dendritic cells [44].

Here, we showed that agonist-mediated induction of IFN-B in melanoma cell lines
cocultured with their HLA-matched TILs correlates with increased TIL production of IFN-y
and T lymphocyte-mediated cytotoxicity. IFN-p induction in tumor cells initiates a series of
events involving autocrine and paracrine signals that affect both tumor cells and antigen
presenting cells, regulating antigen processing, peptide transfer, peptide-loading complex,
MHC class | expression, or downstream induction of other cytokines and/or chemokines
such as CXCL10 [7, 45]. Therefore, it may be of benefit to investigate if and how IFN-p
induced by tumor cells in response to the STING agonist initiates antitumor immunity.

We observed that CXCL10, one of the chemokines induced by type I IFN immune response
and STING signaling [46, 47], was induced in melanoma cell lines with intact STING
signaling following their stimulation with 2°3’-cGAMP. Along with CXCL9, another
CXCR3-binding chemokine, CXCL10 mediates recruitment of CXCR3* tumor-specific T
lymphocytes into the tumors and its intratumoral expression correlated with favorable
clinical outcomes in patients with melanoma and colorectal cancer [48-50]. CXCL10 is also
one of the chemokines in our earlier reported 12-chemokine gene signature classifier
predicting the presence of the tumor-localized, tertiary lymphoid structures, which correlate
positively with overall survival in some patients with metastatic melanoma [51]. In addition,
CXCL10 promotes the generation and function of effector T cells [52]. Given the role of
CXCL10 in mediating T cell recruitment and its positive prognostic value, it seems likely
that STING-agonist mediated induction of CXCL10 by tumor cells could facilitate
recruitment of effector T cells into the tumor microenvironment. Indeed, CXCL10 could be
used to recruit higher numbers of T cells into the tumors that lack T cell infiltration and
therefore increase the likelihood of patients responding to current immune checkpoint
antibody therapies. And, CXCL10 could be used in TIL-based therapies prior to tumor
resection and TIL expansion to attract higher numbers of tumor-specific T cells into the
tumors with the aim of increasing the probability of successful expansion of tumor-reactive
TILs ex vivo. Finally, in adoptive T cell therapy, STING agonist-mediated CXCL10
induction in tumor cells could be used to improve TIL trafficking into the tumor sites.

Cancer Immunol Res. Author manuscript; available in PMC 2020 May 01.
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In summary, we have shown how human melanoma cell lines respond to STING signaling
activation after stimulation with a STING agonist. Our data suggest that activation of STING
signaling in melanomas can promote antitumor immunity by regulating tumor cell-intrinsic
factors that improve tumor-antigen presentation and recognition by immune T cells, as well
as their trafficking. Analysis of the mechanism by which tumor cell intrinsic STING
signaling contributes to antitumor immunity will need to be addressed by future /n vivo
studies. Further understanding of the regulation and function of STING in melanomas and
other tumor types may lead to the development of strategies that target STING pathway to
improve the efficacy of adoptive cell therapy and other immunotherapies in patients who do
not currently benefit from these interventions.
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Figure 1. I dentification of melanoma cell lineswith intact STING signaling.
(A) Immunoblot analysis of STING and cGAS expression in a series of human melanoma

cell lines. NK-92 was used as a positive control for the expression of STING and cGAS.
Twenty ug of whole-cell lysate was used and B-actin was analyzed as a loading control. (B)
Ratio of total STING relative to B-actin, and (C) ratio of total cGAS relative to p-actin for
each cell line were quantified using ImageJ software. (D) Immunoblot analysis of p-IRF3
and total IRF3 in five STING* (WM164, WM9, WM39, A375, and WM1366) and one
STING™ (WM2032) human melanoma cell lines after 4 h stimulation with 2°3’-cGAMP or
lipofectamine. Twenty pg of whole-cell lysate was used and p-actin was analyzed as loading
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control. (E) Ratio of p-IRF3 relative to IRF-3 for 2°3’-cGAMP stimulated cell lines were
quantified using ImageJ software. (F) Induction of CXCL10 and (G) IFN-B in cell culture
supernatants of indicated human melanoma cells after stimulation with 2°3’-cGAMP or
lipofectamine measured using ELISA and reported as mean = SD for three biological
replicates.
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Figure 2. Activation of STING signaling resultsin enhanced antigenicity of human melanoma
cell lines.

(A) WM39, (B) MART-1 pulsed WM39 and (C) WM3629 cells were cocultured with TIL
195 for 24 h with or without 2°3’-cGAMP. IFN-y (top), CXCL10 (middle) and IFN-B
(bottom) concentrations in supernatants were measured using ELISA. Data are presented as
mean * SD of triplicate samples from one representative of three independent experiments.
P-values were calculated by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001, ns = not significant).
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Figure 3. STING signaling isrequired in melanoma cells for agonist-induced improved
antigenicity.

(A) Immunoblot analysis of p-IRF3 and total IRF3 in 526-MEL and WM39 melanoma cells
after stimulation with 2°3’-cGAMP. (B) Induction of CXCL10 and (C) IFN-B in 526-MEL
and WM39 cells after 24 h stimulation with 2°3’-cGAMP measured using ELISA. (D) 526-
MEL and WM339 cells were cocultured with TIL 19 and (E) TIL 195 for 24 h with or
without 2°3’-cGAMP. IFN-y amounts in supernatants were measured using ELISA. Data are
presented as mean + SD of duplicate samples from one representative of three independent
experiments. P-values were calculated by one-way ANOVA (***P < 0.001, ****P < 0.0001,

ns = not significant).
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Figure 4. Activation of STING pathway in human melanoma cell linesimproves cytotoxic T

lymphocyte-mediated lysis.

51Cr cytotoxicity assay using (A) WM39 (B) MART-1 pulsed WM39, (C) WM39 plus

W6/32, (D) WM3629, and (E) 526-MEL cells as target cells and TIL 195 as effector cells at
the indicated effector/target (E/T) ratios with or without 2°3’-cGAMP. Data represent the
mean + SD of quadruplicate wells (representative of three independent experiments). (F)
Lytic activity of TIL 195 against different agonist-treated and untreated melanoma targets
was measured in lytic units (10° divided by the number of effector cells required to cause

20% lysis of 5 x 103 tumor cells). Data shown are representative of three independent

experiments.
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Figure 5. STING activation in human melanoma cell linesinduces up-regulation of MHC class|

(HLA-A.B.C).
(A) Representative histograms of HLA-A.B.C expression on four STING-defective

(1205Lu, WM266-4, WM2032, and 526-MEL) and four STING-intact (WM9, WM3629,
A375, and WM39) human melanoma cell lines with or without 2°3’-cGAMP stimulation.

Data shown are representative of 3 independent experiments. (B) Mean fluorescence

intensity (MFI) of HLA-A.B.C on indicated human melanoma cells. Data are mean + SD of
three biological replicates. Statistical significance was determined by unpaired t-test (**P <

0.01, ***P < 0.001, ****P < 0.0001).
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Figure 6. Knockdown of STING blocks agonist-induced upregulation of MHC class| in
melanoma cdlls.

WM39 cells were stably transduced with a lentiviral ShRNA specific for STING (sh-STING)
or non-target ShRNA (sh-control). (A) Immunoblot analysis of STING expression in WM39,
sh-control, and sh-STING cells. Whole-cell lysate (20 pg) was used and p-actin was
analyzed as a loading control. (B) Immunoblot analysis of p-IRF, total IRF3, and B-actin in
WM39, sh-control and sh-STING cells after stimulation with 2°3’-cGAMP or lipofectamine.
(C) Induction of CXCL10 and (D) IFN-p in WM39, sh-control and sh-STING cells after
stimulation with 2°3’-cGAMP or lipofectamine. (E) Representative histograms of HLA-
A.B.C expression on indicated cells with or without 2°3’-cGAMP stimulation. (F) Mean
fluorescence intensity (MFI) of HLA-A.B.C on indicated cells. Data are presented as mean
+ SD of three biological replicates. P-values were calculated by one-way ANOVA (**P <
0.01, ***P < 0.001, ****P < 0.0001).
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Figure 7. STING isessential for agonist-induced enhanced antigenicity in melanoma cells.
(A) WM39, sh-control and sh-STING cells were cocultured with TIL 195 for 24 h in the

presence or absence of 2°3-cGAMP. IFN-+y levels in supernatants were measured using
ELISA. Data are presented as mean + SD of duplicate samples. P-values were calculated by
one-way ANOVA (**P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant). (B) 1Cr
cytotoxicity assay using WM39, sh-control and sh-STING cells as target cells and TIL 195
as effector cells at the indicated effector/target (E/T) ratios with or without 2°3’-cGAMP.
Data represent the mean + SD of quadruplicate wells. (C) Lytic activity of TIL 195 against
indicated targets with or without 2’3’-cGAMP stimulation was measured in three
independent experiments, one of which is shown.
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