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PURPOSE. Early metastasis, in which immune escape plays a crucial role, is the
leading cause of death in patients with uveal melanoma (UM); however, the molecular
mechanism underlying UM immune escape remains unclear, which greatly limits the
clinical application of immunotherapy for metastatic UM.

METHODS. Transcriptome profiles were revealed by RNA-seq analysis. TALL-104 and
NK-92MI-mediated cell killing assays were used to examine the immune resistance of
UM cells. The glycolysis rate was measured by extracellular acidification analysis. Protein
stability was evaluated by CHX-chase assay. Immunofluorescence histochemistry was
performed to detect protein levels in clinical UM specimens.

RESULTS. Continuous exposure to IL-6 induced the expression of both PD-L1 and
HLA-E in UM cells, which promoted UM immune escape. Transcriptome analysis revealed
that the expression of most metabolic enzymes in the glycolysis pathway, especially the
rate-limiting enzymes, PFKP and PKM, was upregulated, whereas enzymes involved
in the acetyl-CoA synthesis pathway were downregulated after exposure to IL-6.
Blocking the glycolytic pathway and lactate production by knocking down PKM and
LDHA decreased PD-L1 and HLA-E protein, but not mRNA, levels in UM cells treated
with IL-6. Notably, lactate secreted by IL-6-treated UM cells was crucial in influencing
PD-L1 and HLA-E stability via the GPR81-cAMP-PKA signaling pathway.

CONCLUSIONS. Our data reveal a novel mechanism by which UM cells acquire an
immune-escape phenotype by metabolic reprogramming and reinforce the importance
of the link between inflammation and immune escape.
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Uveal melanoma (UM) is the most common intraocu-
lar malignancy in adults. Although very few patients

present with detectable metastases at diagnosis of primary
UM, up to half of patients with UM eventually develop metas-
tases.1 A mathematical modeling for UM metastasis suggests
that micro-metastases will begin before the primary tumor
is diagnosed.2 Metastatic UM has a poor prognosis, with an
average overall survival (OS) of less than 1 year.3 Although
primary UM can be effectively controlled by enucleation and
plaque radiotherapy, the therapeutic effects of conventional
chemotherapy on metastatic UM remain unsatisfactory.4 In
recent years, immunotherapy has shown promise for the
treatment of various malignant tumors, including metastatic
cutaneous melanoma5; however, immunotherapy targeting
UM currently remains at an exploratory stage.6,7 At present,
the molecular mechanism underlying immune escape during
UM metastasis is unclear, which greatly limits the clinical

application of immunotherapy in metastatic UM. Therefore,
elucidation of the key mechanisms underlying UM immune
escape is of great scientific significance and clinical value,
and will help in identification of markers and therapeutic
targets for early UM metastasis.

Immune escape plays an important role in the devel-
opment of malignant tumors, during which tumor cells
alter immune regulatory factors and the microenvironment
directly, to avoid recognition and clearance by immune cells.
The eyeball is an immune-privileged organ that provides
a protective growth environment for UM. Further, there is
evidence that UM cells can also maintain immune escape,
and resistance to cell-mediated immunity has an impor-
tant role during metastasis.1,8 Programmed death ligand 1
(PD-L1) is expressed on the surface of tumor cells and
binds to the PD-1 receptor on activated T cells, lead-
ing to suppression of T lymphocyte proliferation, cytokine
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production, and immune responses.9 In vitro studies have
shown that the local microenvironment can induce UM
cells to overexpress PD-L1, thereby negatively regulating T
cell-mediated immune responses.10 Furthermore, PD-L1 is
negatively correlated with OS, progression-free survival, and
tumor thickness in patients with UM11; however, compared
with cutaneous melanoma, the clinical efficacy of PD-1/PD-
L1 antibody-based drugs for the treatment of metastatic UM
requires further improvement.12,13 Human leukocyte antigen
(HLA) levels are upregulated in UM cells, facilitating their
escape from the killing effects of cytotoxic T and natural
killer (NK) cells in the tumor microenvironment (TME).14 In
addition, elevated HLA expression is associated with shorter
metastasis-free survival in patients with UM,15 in which HLA-
E binds to NKG2A expressed by subsets of NK and CD8+

T cells and negatively regulates their antitumor immune
activity.16 Notably, melanoma can express high levels of
HLA-E to prevent NK cell recognition.17 During metastasis,
circulating tumor cells can evade immune surveillance by
circulating T and NK cells through activation of the above
inhibitory immune checkpoints PD-L1 and HLA-E. Hence,
multiple immunosuppressive molecules may be involved in
the immune escape of metastatic UM; however, it remains
unclear how the TME induces UM cells to express diverse
immunosuppressive molecules during metastasis.

As an important part of the TME, inflammation has a
key role in promoting tumor metastasis, in which various
inflammatory factors secreted by mesenchymal cells, such
as inflammatory immune cells and autocrine tumor cells,
promote malignant transformation. Chronic, low-intensity
inflammatory responses promote tumor invasion, early
metastasis, and immune escape.18 In UM, an inflammatory
phenotype, with infiltration of different lymphocytes and
macrophages, is associated with absence of effective anti-
tumor immune responses.19 Early studies found that the
levels of several inflammatory factors, including IL-6, IL-8,
IP-10, MCP-1, and RANTES, were abnormally elevated in
the intraocular fluid of patients with UM.20 In addition, the
expression of IL-6 in hepatic stellate cells increases signifi-
cantly after co-culture with metastatic UM cells, which may
be associated with the process of UM liver metastasis.21 Clin-
ical analysis has shown that activation of IL-6/STAT3 signal-
ing is closely related to poor prognosis of patients with
UM22; however, until now, most studies have focused solely
on the concentrations of different inflammatory factors in
the eyes of patients with UM, whereas the roles of these
factors in UM progression have rarely been reported.

In this study, we demonstrated immune escape of UM
mediated by the inflammatory cytokine, IL-6. Continuous
exposure to IL-6 activated the glycolytic metabolic path-
way of UM cells, thus promoting the production of lactate.
Further, we found that UM cell-derived lactate binds to the
lactate receptor, GPR81, thereby reducing intracellular cAMP
levels, and inhibiting the ubiquitination and degradation of
PD-L1 and HLA-E, and finally enhancing UM resistance to
cytotoxic T and NK cell-mediated killing.

MATERIALS AND METHODS

Cell Culture and Transfection

C918, a human UM cell line established from choroidal
melanomas with epithelioid type morphology, was
purchased from the National Infrastructure of Cell Line
Resource (Beijing, China) and cultured in RPMI-1640

medium containing 10% fetal bovine serum (Gibco,
Waltham, MA, USA), 100 U/mL penicillin, and 100 mg/mL
streptomycin. Mycoplasma was tested by PCR every 3
months. IL-6-exposed C918 cells (IL-6/C918) were obtained
by treatment with 2 ng/mL IL-6 (#200-06; PeproTech, USA,
Endotoxin < 1 EU/μg) for 8 weeks, and were subsequently
maintained in medium supplemented with 2 ng/mL IL-6.
Cells were cultured in a 5% CO2 atmosphere at 37°C. SiRNAs
were transfected using Lipofectamine 3000 Transfection
Reagent (Life Technologies, Carlsbad, CA, USA), according
to the manufacturer’s instructions. Briefly, opti-MEM was
used to dilute siRNA (75 pmol/well/6-well plate) and Lipo-
fectamine 3000 (7.5 μL/well/6-well plate), and the 2 diluents
then mixed (1:1) to prepare an siRNA-liposome complex,
which was added into culture medium. Cells were cultured
for 48 hours before experiments.

RNA-Seq Analysis

RNA from IL-6/C918 or C918 cells was extracted and puri-
fied for quantification, RNA-seq library preparation, and
sequencing. Libraries were sequenced on the Illumina HiSeq
2500 platform. Reads containing adapter or poly-N and reads
of low quality were removed from the raw data to generate
clean reads for further analyses. Q20 (>90%), Q30 (>85%),
and error rate (<0.1%) values of clean data were acquired
based on clean reads. Mapped reads were then obtained
using Tophat2 to align clean reads to the human reference
genome (hg19). The number of mapped clean reads for each
unigene was counted and normalized to reads/kb/million
reads (RPKM), to calculate the expression levels of unigenes.

Antibodies and Reagents

Antibodies against PFKP (sc-514824), PKM (sc-365684),
LDHA (sc-137243), PD-L1 (sc-293425), HLA-E (sc-51621),
and ubiquitin (sc-8017) were purchased from Santa Cruz
Biotechnology (SantaCruz, CA, USA). The IgG isotypes
(#3900) were purchased from Cell Signaling Technol-
ogy (Beverly, MA, USA). GPR81 antibody (A20321) was
purchased from Abclonal (Wuhan, China). PD-L1 (ab213524)
and HLA-E (ab300553) antibodies were purchased from
Abcam (Cambridge, UK). β-actin antibody (E021020-01)
was purchased from Earthox (Burlingame, CA, USA). The
siRNAs targeting GPR81, PKM, and LDHA were synthe-
sized by GenePharma (Shanghai, China). CHX (M4879) was
purchased from Abmole (Houston, TX, USA). Recombinant
human IL-6 (200-06) was purchased from Peprotech (Cran-
bury, NJ, USA). MG-132 (S2619), Sodium oxamate (S6871),
Bucladesine (S7858), and forskolin (S2449) were purchased
from Selleck (Houston, TX, USA).

Quantitative PCR

Total RNA was isolated with RNAiso Plus (TaKaRa, Kyoto,
Japan). RNA quality and concentration were evaluated using
a Nanodrop ND-1000 Spectrophotometer. A total of 0.5 μg
of RNA was reverse transcribed using a cDNA Reverse
Transcription Kit (TaKaRa), according to the manufacturer’s
instructions. The acquired cDNA was analyzed in triplicate
by real-time PCR on a Life Technologies Step One Plus Real-
Time PCR System with SYBR Green Master Mix (Roche,
Basel, Switzerland). Target gene expression was normalized
to β-actin levels in respective samples as an internal control.
Relative expression levels were calculated using the 2−��CT
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method. The sequences of the quantitative real-time PCR
(qRT-PCR) primers are listed in Supplementary Table S1.

Western Blotting

Cells were harvested and lysed using RIPA lysis buffer
(Millipore, Temecula, CA, USA). After cell lysates were
diluted (1:20), protein concentrations were determined
using the Bradford method (Pierce, ThermoFisher, Waltham,
MA, USA). Proteins were separated by 10% SDS-PAGE
and transferred to nitrocellulose membrane (Whatman,
Maidstone, UK), which was then incubated with dilutions
(1:1000) of primary antibodies, followed by IRDye 800CW-
conjugated secondary antibodies (1:10000). Detection was
conducted using an Odyssey Infrared Imaging System
(LI-COR; Biosciences, Lincoln, NE, USA).

Flow Cytometric Analysis

Cells were digested, collected, and fixed using 2% PFA. Then,
cells were washed and labeled with IgG isotype (#3900,
1:2000), PD-L1 (ab213524, 1:500), and HLA-E (ab300553,
1:100) antibodies. Cells were incubated with the indicated
primary antibody at room temperature for 30 minutes, then
washed and incubated with Alexa Fluor 488-conjugated anti-
rabbit IgG (#4412; Cell Signaling Technology, 1:500) in a
dark at room temperature for 30 minutes before analysis
by flow cytometry. Levels of membrane PD-L1 and HLA-E
were measured using an EXFLOW flow cytometer (DAKEWE,
Shenzhen, China). Data were analyzed using EXFLOWSYS
1.2.5 (DAKEWE, Shenzhen, China).

TALL-104 and NK-92MI-Mediated Cells Killing
Assay

C918 and IL-6/C918 cells were seeded into 6-well plates at a
density of 1 × 105 cells per well, and then TALL-104 and NK-
92MI cells pretreated with 100 IU/mL IL-2 were introduced
into each well, and co-cultured with C918 and IL-6/C918
cells at effector/target cell ratio of 5:1 for 24 hours.16,23

After co-culture, wells were extensively washed to elimi-
nate dead cells and effector cells, then the adherent C918
and IL-6/C918 cells were harvested and analyzed by using
the Annexin V/PI staining kit (Beyotime, Shanghai, China).
When specified, IL-6/C918 and C918 cells were pretreated
with sodium oxamate and lactate, respectively.

PI-Annexin V Apoptosis Assay

Cells cultured in medium and digested with trypsin were
collected. The Annexin V/PI staining kit (Beyotime, Shang-
hai, China) was utilized to label cells according to the manu-
facturer’s protocol. After filtering through 50 μm mesh, cells
were analyzed with EXFLOW flow cytometer (DAKEWE,
Shenzhen, China).

TUNEL Staining

Cells were fixed with 4% paraformaldehyde for 30 minutes
and washed with PBS 3 times. Then, the cells were incu-
bated with 0.2% Triton X-100 for 5 minutes and stained with
the In Situ Cell Apoptosis Detection Kit (Beyotime, Shang-
hai, China) according to the manufacturer’s instructions. The
cells were visualized under a fluorescence microscope (Axio

Observer D1; Zeiss, Gottingen, Germany). Positive cells were
counted using Image J software.

Extracellular Acidification Rate Analysis

The XF Glycolysis Stress Test kit (Agilent, Santa Clara, CA,
USA) was used for the extracellular acidification (ECAR)
assay. Briefly, 1 × 104 cells were seeded into the Seahorse
SF 96 cell culture microplates. Next, 10 mM glucose, 1 μm
oligomycin, and 75 mM 2-DG were added to the cell
medium successively at indicated time points. Seahorse SF-
96 Wave software was used to analyze the results. ECAR was
presented in mpH/min.

Measurement of Supernatant Lactate

The concentration of lactate in culture medium was
measured by the Lactic Acid (LA) Content Assay Kit (BC2235;
Solarbio, Beijing, China) according to the manufacturer’s
instructions. Absorbance at 570 nm was read using a
microplate reader (Synergy H1, Biotek, Winooski, VT, USA),
which was used to calculate the concentration of lactate.

Protein Half-Life Assay

After cycloheximide (CHX, 20 μM) was applied to the
medium and at indicated time points, cells were collected,
and immunoblotting was performed to evaluate the corre-
sponding protein levels. Target bands were quantified using
Image J software by normalizing to internal reference
(β-actin).

Immunoprecipitation

Cells were resuspended and lysed in 0.5 mL RIPA lysis
buffer (Millipore, Temecula, CA, USA) in 6-cm dishes. The
samples were centrifuged to remove insoluble debris, 30 μL
supernatant from each well was collected as the input, and
the remaining supernatant was incubated with anti-rabbit
IgG, anti-PD-L1 (sc-293425) or anti-HLA-E (sc-51621) anti-
bodies as indicated. Immunoprecipitation was performed
using Protein A/G Plus agarose Beads (Santa Cruz Technol-
ogy, Santa Cruz, CA, USA), according to the manufacturer’s
instructions. The ubiquitination of the input and purified
proteins was analyzed by Western blotting using anti-PD-
L1 (ab213524), anti-HLA-E (ab300553), and anti-ubiquitin
(sc-8017) antibodies.

Immunofluorescence Histochemistry

In total, 11 UM cases from the Affiliated Xuzhou Munici-
pal Hospital of Xuzhou Medical University (Xuzhou, China)
were included in this study. Informed consent was obtained
from all patients. The study was approved by the Ethics
Committee of the Affiliated Xuzhou Municipal Hospital of
Xuzhou Medical University (Approval number: xxyll (2019)
17). Immunofluorescence staining was conducted using
formalin-fixed, paraffin-embedded sections, after heat anti-
gen retrieval following standard protocols. The following
primary antibodies were used: anti-PKM (sc-365684, 1:100),
anti-LDHA (sc-137243, 1:10), anti-PD-L1 (ab213524, 1:100),
and anti-HLA-E (ab300553, 1:100). Secondary antibodies and
dilutions used for IF staining were as follows: Alexa Fluor
488-conjugated anti-mouse IgG (H+L; #4408, CST, 1:500),
and Alexa Fluor 488-conjugated anti-rabbit IgG (H+L; #4412,
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CST, 1:500). To assess immunofluorescence density, five
200 × fields were selected in each slide, and the inte-
grated density of each field was measured using ImageJ soft-
ware.

Statistical Analysis

Statistical data analysis was performed using SPSS version
22.0 and GraphPad Prism 5.0. Difference analysis between
the 2 groups was performed using the 2-tailed Student’s
t test, and difference analysis for multiple groups was
performed by analysis of variance (ANOVA), followed by
Tukey’s post hoc test for 1-way ANOVA and Sidak post hoc
test for 2-way ANOVA. Spearman’s correlation test was used
to analyze correlation. OS and disease-free survival (DFS)
were analyzed by the Kaplan–Meier method and compared
by log rank test. Cox regression was used to analyze the
hazard ratio for OS and DFS. Data are reported as mean ±
SD. A value of P < 0.05 was considered statistically signifi-
cant.

RESULTS

IL-6 is a Potential Prognostic Indicator for
Patients With UM and Affected the Expression of
Adaptive Immunity-Associated Genes

Analysis of the Cancer Genome Atlas (TCGA) UVM dataset
indicated that IL-6 mRNA levels were increased with tumor
stage in patients with UM (Fig. 1A), and although the differ-
ence was not significant, IL-6 mRNA levels in epithelioid
UM tissues were higher than those in spindle and mixed
UM tissues (Fig. 1B). In addition, high IL-6 expression was
correlated with both poor OS and DFS of patients with UM
(Figs. 1C, 1D); however, no significant changes were identi-
fied in the morphology of the UM cell line, C918, after contin-
uous exposure to IL-6 (IL-6/C918; Fig. 1E). Furthermore, we
performed RNA-seq to detect differences in the transcrip-
tome profiles between the IL-6/C918 and C918 groups. In
total, 5447 significantly differentially expressed transcripts
(P < 0.05) were identified. Among these, 2745 and 2702
transcripts were up- and downregulated in IL-6/C918 cells,
compared with C918 cells, respectively (Fig. 1F, Supplemen-
tary Table S2). Gene ontology (GO) functional annotation
clustering of the 1472 transcripts (threshold, |log2 (fold-
change) | > 0.8) was conducted; the 1472 transcripts were
significantly enriched in 14 terms including “innate immu-
nity” and “immunity” (P < 0.05; Fig. 1G, Supplementary
Table S3). As a sub-term of “immunity,” the GO process
“adaptive immunity” involved 14 transcripts, among which
12 were upregulated and 2 were downregulated (Fig. 1H).
In summary, IL-6 expression is a marker of poor progno-
sis for patients with UM and IL-6 exposure may influence
the expression of several immunity-associated genes in UM
cells.

IL-6 Induced Immune Escape by Upregulating
PD-L1 and HLA-E Levels in C918 Cells

Our transcription profiling data indicated that PD-L1 and
HLA-E transcript levels were significantly increased in C918
cells continuously exposed to IL-6 (IL-6/C918; Fig. 2A).
Further experiments confirmed the increased mRNA and
protein levels of PD-L1 and HLA-E in IL-6/C918 cells

(Figs. 2B, 2C). Consistently, upregulated levels of PD-L1 and
HLA-E were detected on the membranes of IL-6/C918 cells
(Fig. 2D). However, the mRNA levels of PD-L1 and HLA-E
had no significant change after treatment with IL-6 in ARPE-
19, a cell line derived from non-tumor cell (Supplementary
Fig. S1A), suggesting that the IL-6-induced upregulation of
PD-L1 and HLA-E may be specific for tumor cell, at least for
C918. Relative to C918 cells, IL-6/C918 cells showed evident
resistance to TALL-104 and NK-92MI cell-mediated killing
(Figs. 2E, 2F). Hence, continuous exposure to IL-6 promoted
PD-L1 and HLA-E expression and induced immune escape
in C918 cells.

Analysis of clinical data from 40 patients with UM in
TCGA database indicated that high PD-L1 or HLA-E expres-
sion levels were associated with low overall OS in patients
with UM (Fig. 3A). To explore the effects of PD-L1 and HLA-
E on UM immune escape, we next knocked down PD-L1
and HLA-E expression in IL-6/C918 cells, and then exam-
ined the resistance of IL-6/C918 cells to killing mediated
by TALL-104 and NK-92MI cells. After knockdown of PD-L1
and HLA-E in IL-6/C918 cells, the killing effect of TALL-104
and NK-92MI on IL-6/C918 cells was significantly enhanced
(Figs. 3B, 3C, Supplementary Fig. S2). In summary, IL-6-
induced high expression of PD-L1 and HLA-E and boosted
UM cell immune escape.

IL-6 Increased Glycolysis and Production of
Lactate in C918 Cells

In addition to PD-L1 and HLA-E, the KEGG pathway enrich-
ment analysis, based on transcriptome data, revealed that
continuous exposure to IL-6 induced the expression of
most metabolic enzymes in the glycolysis pathway, but
suppressed that of enzymes in the acetyl-CoA synthesis path-
way (Fig. 4A, Supplementary Table S4). Among the three
rate-limiting enzymes of the glycolysis pathway, changes in
levels of transcripts encoding HK1 were negligible, while
those encoding PFK (PFKP) and PKM were significantly
increased (Supplementary Fig. S3). In addition, levels of tran-
scripts encoding lactate dehydrogenase (LDH; LDHA), an
enzyme key for lactate synthesis, were markedly elevated
(see Supplementary Fig. S3). Moreover, PKM and LDHA
mRNA and protein levels were considerably higher in IL-
6/C918 cells than those in C918 cells (Figs. 4B–E). Analysis
of TCGA UVM dataset suggested that IL-6 levels were posi-
tively correlated with those of PKM and LDHA at the mRNA
level (Fig. 4F). As expected, compared with C918 cells, the
extracellular acidification rate and lactate release from IL-
6/C918 cells were also increased (Figs. 4G, 4H). Thus, IL-6
induced lactate production by driving the glycolytic pathway
in UM cells.

IL-6-Induced Lactate Increased PD-L1 and HLA-E
Protein Levels and Immune Escape in C918 Cells

To explore whether IL-6-induced glycolysis plays a critical
role in UM immune escape, PKM and LDHA expression
were knocked down to block the glycolytic pathway and
lactate production in IL-6/C918 cells, then the expression of
PD-L1 and HLA-E were assessed. PD-L1 and HLA-E protein
levels were decreased, but there was no significant differ-
ence in their mRNA levels after knockdown of PKM or LDHA
in IL-6/C918 cells (Figs. 5A, 5B). Moreover, after inhibiting
lactate production in IL-6/C918 cells using sodium oxam-
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FIGURE 1. IL-6 is a potential prognostic indicator for patients with uveal melanoma (UM) and affected the expression levels of genes
associated with adaptive immunity. (A and B) Associations of cancer stage (A) and tumor histology (B) with the expression of IL-6 in
79 and 80 UM cases, respectively, from The Cancer Genome Atlas (TCGA) database analyzed using UALCAN (http://ualcan.path.uab.edu/
analysis.html). (C and D) Overall survival analysis (C) and disease-free survival analysis (D) of high and low IL-6 expression groups in the
TCGA-UVM cohort performed using GEPIA2 (http://gepia2.cancer-pku.cn/#survival). Cutoff (high = 75% and low = 25%). (E) Morphology
of C918 and IL-6/C918 cells. Scale bar = 100 μm. (F) Total number of transcripts with significant changes in expression (FDR < 0.05). Of
significantly differentially expressed transcripts, 883 and 589 were up- (red dots) and down- (blue dots) regulated (> 0.8-fold), respectively.
(G) Gene ontology (GO) functional annotation (UP_KW_BIOLOGICAL_PROCESS) of the 1472 transcripts (threshold, |log2 (fold-change) |
> 0.8) was conducted by DAVID (https://david.ncifcrf.gov/summary.jsp). (H) Heatmap of 14 transcripts (> 0.8-fold) belonging to the gene
ontology (GO) term “adaptive immunity” in IL-6/C918 versus C918; each column represents a cell sample and each row represents a gene
(Red = increased expression and blue = decreased expression; n = 2 for each group).
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FIGURE 2. IL-6 promoted PD-L1 and HLA-E expression and induced immune escape in C918 cells. (A) The fragments per kilobase
of exon model per million mapped fragments (FPKM) of PD-L1 and HLA-E in IL-6/C918 and C918 cell transcriptome data. (B) Relative
PD-L1 and HLA-E mRNA levels in IL-6/C918 and C918 cells determined by qPCR. (C) PD-L1 and HLA-E protein levels in IL-6/C918 and C918
cells detected by Western blotting. (D) Levels of membrane PD-L1 and HLA-E in IL-6/C918 and C918 cells analyzed by flow cytometry, and
mean fluorescence intensity (MFI) values of PD-L1 and HLA-E. (E) IL-6/C918 and C918 cell morphology after co-culture with TALL-104 and
NK-92MI cells. Black arrows indicate apoptotic cells. Scale bar = 100 μm. (F) Apoptosis levels of IL-6/C918 and C918 cells after co-culture
with TALL-104 and NK-92MI cells. The results of three independent experiments are presented as mean ± standard deviation.
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FIGURE 3. Knockdown of PD-L1 and HLA-E increased IL-6/C918 cell immune escape. (A) Overall survival of patients with high and low
PD-L1 and HLA-E expression analyzed using GEPIA2 (http://gepia2.cancer-pku.cn/#survival) and TGCA database UM subset data; cutoff
(high = 75% and low = 25%). (B) Apoptosis levels of IL-6/C918 cells with PD-L1 or HLA-E knocked down after co-culture with TALL-104
and NK-92MI cells. (C) TUNEL labeling analysis of apoptosis levels of IL-6/C918 cells with knockdown of PD-L1 or HLA-E after co-culture
with TALL-104 and NK-92MI cells. Scale bar = 100 μm. The results of three independent experiments are presented as mean ± standard
deviation.

ate (SO), PD-L1 and HLA-E protein levels were reduced,
whereas no significant changes in their mRNA levels were
detected (Figs. 5C, 5D). In C918 cells, exogenous lactate
affected the protein, but not mRNA, levels of PD-L1 and
HLA-E (Figs. 5E, 5F). Further, the cell-mediated killing assay

showed that inhibiting lactate with SO rendered IL-6/C918
cells more sensitive to TALL-104 and NK-92MI cell-mediated
killing (Fig. 5G). Meanwhile, exogenous lactate reinforced
the resistance of C918 cells to TALL-104 and NK-92MI cells
(Fig. 5H).
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FIGURE 4. IL-6 increased glycolysis and lactate production in C918 cells. (A) Distribution of differentially expressed transcripts between
IL-6/C918 and C918 cells identified in the glycolysis/gluconeogenesis pathway (KEGG pathway), based on transcriptome data; red = upreg-
ulated and blue = downregulated. Pathway with blue shading indicated the glycolysis process, and pathway with red shading indicated
the pyruvate oxidation process. (B–D) Relative mRNA levels of PFKP (B), PKM (C), and LDHA (D) in IL-6/C918 and C918 cells determined
by qPCR. (E) PFKP, PKM, and LDHA protein levels in IL-6/C918 and C918 cells detected by Western blotting. (F) Analysis of TCGA uveal
melanoma database using GEPIA2 (http://gepia2.cancer-pku.cn/#correlation) showing correlations between IL-6 and PKM or LDHA mRNA
levels. (G) Extracellular acidification rate (ECAR) of IL-6/C918 and C918 cells. (H) Lactate concentrations in the culture medium of IL-6/C918
and C918 cells. The results of three independent experiments are presented as mean ± standard deviation.

IL-6-Induced Lactate Stabilized PD-L1 and HLA-E
Proteins in C918 Cells

To further explore the molecular mechanism by which IL-
6 upregulated PD-L1 and HLA-E, PD-L1 and HLA-E protein
stability was investigated. PD-L1 and HLA-E protein stabil-
ity was higher in IL-6/C918 cells than that in C918 cells;
however, the stability of these proteins was reduced in
IL-6/C918 cells treated with SO (Fig. 6A). Next, to deter-
mine whether the degradation of PD-L1 and HLA-E proteins
was proteasome-dependent, the proteasome inhibitor, MG-
132, was applied following blockage of protein synthesis
using CHX. MG-132 effectively prevented PD-L1 and HLA-E
protein degradation in C918 cells treated with CHX (Fig. 6B),
suggesting that IL-6 increased PD-L1 and HLA-E protein
levels by inhibiting their proteasome degradation. As protein
ubiquitination is often required for proteasome-dependent
degradation, we next investigated PD-L1 and HLA-E protein
ubiquitination. PD-L1 and HLA-E protein ubiquitination
was downregulated in IL-6/C918 cells compared with
C918 cells, whereas SO restored the ubiquitination of
these proteins in IL-6/C918 cells (Figs. 6C, 6D). Together,
our results suggest that IL-6-induced lactate produc-

tion enhances PD-L1 and HLA-E protein stability in UM
cells.

IL-6-Induced Lactate Increased PD-L1 and HLA-E
Protein Stability by Activating GPR81 in C918
Cells

To determine whether H+ affects the stability of PD-L1
and HLA-E, we added NaHCO3 into the culture medium to
neutralize extracellular H+; no change in PD-L1 and HLA-
E expression levels was detected (Fig. 7A). Next, we inves-
tigated the G-protein-coupled lactate receptor, GPR81. As
shown in Figure 7B, GPR81 knockdown reduced PD-L1 and
HLA-E protein levels in IL-6/C918 cells. Given that activa-
tion of the Gi-coupled receptor, GPR81, inhibits adenylyl
cyclase, which results in decreased cAMP levels, we next
suppressed GPR81 downstream signaling using the cAMP
analogue, bucladesine, and the adenylyl cyclase activator,
forskolin. The results indicated that both bucladesine and
forskolin could decrease PD-L1 and HLA-E protein levels in
IL-6/C918 cells (Figs. 7C, 7D). Consistently, PD-L1 and HLA-
E protein ubiquitination was induced by GPR81 knockdown
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FIGURE 5. IL-6-induced lactate increased PD-L1 and HLA-E protein levels and immune escape in C918 cells. (A and B) PD-L1 and
HLA-E protein and relative mRNA levels in IL-6/C918 cells with PKM or LDHA knocked down examined by Western blotting and qPCR.
(C and D) PD-L1 and HLA-E protein and relative mRNA levels in IL-6/C918 cells treated with 50 nM sodium oxamate (SO) examined by
Western blotting and qPCR. (E and F) PD-L1 and HLA-E protein and relative mRNA levels examined by Western blotting and qPCR in C918
cells treated with 20 mM lactate. (G) Apoptosis level of IL-6/C918 cells pretreated with 50 nM SO after co-culture with TALL 104 and NK-92MI
cells. (H) Apoptosis level of C918 cells pretreated with 20 mM lactate after co-culture with TALL-104 and NK-92MI cells. The results of three
independent experiments are presented as mean ± standard deviation.
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FIGURE 6. IL-6-induced lactate stabilized PD-L1 and HLA-E proteins in C918 cells. (A) C918, IL-6/C918, and IL-6/C918 cells pre-treated
with 50 nM sodium oxamate (SO) were exposed to 20 μM CHX for the indicated times. PD-L1 and HLA-E protein levels were detected by
Western blotting. Relative band intensity was normalized to PD-L1 or HLA-E levels in cells not treated with CHX. β-actin served as an internal
control. (B) C918 cells were pretreated with 10 μM MG-132 and with 20 μM CHX for the indicated times. PD-L1 and HLA-E protein levels
detected by Western blotting. (C and D) Immunoprecipitation of PD-L1 or HLA-E from C918, IL-6/C918, and IL-6/C918 cells treated with
50 nM SO, and PD-L1 or HLA-E protein ubiquitination levels detected by Western blotting. The results of three independent experiments
are presented as mean ± standard deviation.
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FIGURE 7. IL-6-induced lactate increased PD-L1 and HLA-E protein stability in C918 cells by activating GPR81. (A) PD-L1 and HLA-E
protein levels in IL-6/C918 cells treated with 100 μM NaHCO3 detected by Western blotting. (B) PD-L1 and HLA-E protein levels detected by
Western blotting in IL-6/C918 cells with GPR81 knocked down. (C and D) PD-L1 and HLA-E protein levels detected by Western blotting in
IL-6/C918 cells treated with 5 μM bucladesine or 20 μM forskolin. (E and F) In IL-6/C918 cells with GPR81 knocked down, PD-L1 or HLA-E
were immunoprecipitated and PD-L1 or HLA-E protein ubiquitination levels detected by Western blotting. (G and H) In IL-6/C918 cells
treated with 5 μM bucladesine or 20 μM forskolin, PD-L1 or HLA-E were immunoprecipitated and PD-L1 or HLA-E protein ubiquitination
levels detected by Western blotting.
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FIGURE 8. LDHA protein levels were positively correlated with those of PD-L1 in uveal melanoma tissues. (A) Two representative cases
of low and high expression of PKM, LDHA, PD-L1, and HLA-E in clinical UM tissues. (B) The relationships of the integrated fluorescence
density of PKM, LDHA, PD-L1, and HLA-E.

in IL-6/C918 cells (Figs. 7E, 7F). Bucladesine and forskolin
treatment also promoted PD-L1 and HLA-E protein ubiq-
uitination in IL-6/C918 cells (Figs. 7G, 7H). In mammalian
cells, most of the effects elicited by cAMP are mediated
by protein kinase A (PKA). Here, we found that the PKA
inhibitor, H-89, decreased PD-L1 and HLA-E protein ubiqui-
tination in C918 cells (Supplementary Fig. S4). In summary,
activation of lactate-GPR81 signaling enhanced PD-L1 and
HLA-E protein stability in UM cells.

LDHA Protein Levels Were Positively Correlated
With Those of PD-L1 in UM Tissues

To verify the association between glycolysis and PD-L1/HLA-
E expression, we conducted immunofluorescence histo-
chemistry analysis to detect PKM, LDHA, PD-L1, and HLA-
E protein levels in 11 UM tissues. PKM and LDHA were
detected in the cytoplasm of UM cells, whereas PD-L1 and
HLA-E were mainly localized in the membrane (Fig. 8A).
Although further statistical analysis of integrated fluores-
cence density suggested a link between PKM/LDHA and PD-
L1/HLA-E in UM tissues, only LDHA was significantly posi-
tively correlated with PD-L1 (Fig. 8B). Analysis of additional
UM cases are needed to validate the nature of the relation-
ships among these proteins in the context of UM.

DISCUSSION

Until recently, few studies had explored the effects of
post-translational regulation, including protein glycosyla-
tion, phosphorylation, and ubiquitination, on PD-L1 expres-
sion and their impact on immune escape.24–26 There is
strong evidence that ubiquitination and de-ubiquitination
of PD-L1 are critical in regulating PD-L1 protein stability,

thereby affecting PD-1/PD-L1-mediated immune escape.26,27

Although there are no reports of HLA-E protein ubiquitina-
tion and de-ubiquitination, other MHC-I molecules can be
controlled by the E3 ubiquitin-protein ligases, MARCH1 and
MARCH9, which ubiquitinate cytoplasmic MHC-I for inter-
nalization into the endocytic pathway.28,29 In the present
study, we found that exogenous IL-6 not only stabilized both
PD-L1 and HLA-E proteins in UM cells in a lactate-dependent
manner, but also induced PD-L1 and HLA-E transcription in
a lactate-independent manner, although we did not explore
this further. Previous studies found STAT3 as a crucial tran-
scriptional factor of PD-L1, suggesting that IL-6 can induce
the transcription of PD-L1 via STAT3 signaling in UM.30 Stud-
ies in both a murine model and a clinical trial have confirmed
that a combination of antibodies blocking anti-NKG2A and
anti-PD-L1 activated NK and CD8+ T cells and subsequently
interfered with tumor progression.31 Hence, understand-
ing the mechanisms underlying IL-6-induced expression of
PD-L1 and HLA-E have considerable relevance to clinical
prevention of UM metastasis.

High levels of IL-6 in the TME suggest a close rela-
tionship between chronic inflammation and malignancy.
IL-6 signaling (primarily through the JAK/STAT3 pathway
in epithelial and immune cells) can contribute to chronic
inflammation and cancer progression; for example, via influ-
encing growth, metastasis (epithelial-mesenchymal transi-
tion [EMT]), and multidrug resistance.32 Notably, STAT3
signaling can protect epithelial cells from the toxic effects
of CD8+ T cells, promote T cell depletion, and induce
PD-L1 expression on transformed epithelial cells recog-
nized by T cells.33 Bent et al. found that IL-6 not only
inhibited chemotherapy-induced anticancer immunity but
decreased the effectiveness of immune-checkpoint inhibi-
tion with anti-PD-L1 blockade.34 In contrast, it has been
reported that IL-6 can restore dendritic cell maturation
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and is critical for macrophage function under the circum-
stance of tumor regression, suggesting that IL-6 is also
required for antitumor immune response.35,36 Based on
the previous study that chronic IL-6 activity can activate
immune-suppressive signals and attenuate the generation of
a robust immune response as well as our present findings,37

we conjecture that a consistently low level of IL-6 in
TME is conducive to immune escape of tumor with-
out causing tumor tissue destruction. Moreover, IL-6 can
remodel the TME by attracting and activating related cells,
such as myeloid-derived suppressor cells, tumor-associated
neutrophils, regulatory T cells, and cancer stem-like cells,
establishing an immunosuppressive microenvironment.38

Therefore, IL-6 stimulation may not only affect tumor cells
in UM tissue; however, we found that long-term IL-6 treat-
ment had no significant effect on PD-L1 and HLA-E expres-
sion in the RPE cell line, ARPE-19, but did induce its EMT,
suggesting that IL-6 has different biological effects on tumor
and nontumor cells (see Supplementary Fig. S1). A number
of clinical studies have begun to evaluate the application
of anti-IL-6 drugs in cancer.39,40 Based on our findings,
we hypothesize that reducing intraocular or systemic IL-
6 levels using tocilizumab may prevent UM cell immune
escape, thereby inhibiting distal metastasis and improving
the prognosis of patients with UM. In addition, the therapeu-
tic effects of anti-PD-1/PD-L1 or anti-NKG2A drugs may be
better for patients with UM and high IL-6 levels; however, the
efficacy, method of administration (intraocular/systemic),
dosage, and side effects of anti-IL-6 agents require further
exploration in the context of UM.

PD-L1 is strictly regulated by the ubiquitin/proteasome
system (UPS), and phosphorylation, glycosylation, and other
post-translational modifications of PD-L1 protein can affect
its own ubiquitination.41 Glycogen synthetase kinase 3β
(GSK3β) phosphorylates PD-L1 T180 and S184 residues,
which are then recognized by several E3 ubiquitin ligases
for ubiquitin-dependent degradation by the 26S protea-
some.24 S279/S283 phosphorylation by GSK3α and AMPK
also promotes UPS-dependent PD-L1 degradation.42 HLA-
E ubiquitination has not been reported, although other
MHC-I members are reported to be ubiquitinated and regu-
late immune responses to cancer cells.43 In the present
study, PKA inactivation suppressed the ubiquitination and
degradation of PD-L1 and HLA-E proteins. Interestingly, we
predicted that MARCHF (Membrane Associated Ring-CH-
Type Finger) was a common E3 ubiquitin ligase of PD-
L1 and HLA-E using UbiBrowser (data not shown). Hence,
whether PKA enhances PD-L1 and HLA-E ubiquitination by
directly phosphorylating these two proteins or regulating
MARCHF warrants further exploration. In addition, PKA can
phosphorylate 26S proteasomes, which stimulates several
key proteasomal processes and degradation of ubiquitinated
proteins, suggesting that PKA inhibition may also delay PD-
L1 and HLA-E protein breakdown by reducing 26S protea-
some activity.

Even under aerobic conditions, tumor cells tend to utilize
glucose through glycolysis, a phenomenon referred to as
the Warburg effect (aerobic glycolysis). A large amount of
pyruvate produced during glycolysis is converted into lactate
by LDH, which is released into the TME to promote tumor
metastasis.44 Melanoma cells often exhibit an enhanced
Warburg effect.45 In the present work, long exposure to
IL-6 was found to induce the transcription of PKM and
LDHA, two rate-limiting enzymes in the glycolysis process.
Although previous reports have not revealed a clear associ-

ation between IL-6 and the Warburg effect, activation of IL-6
downstream signal transducer STAT3 promoted the Warburg
effect through PKM and LDHA in tumor.46,47 So, we specu-
lated that STAT3 might mediate the IL-6-induced expression
of PKM and LDHA in UM. Further, inhibition of glycolysis
significantly weakens the invasion and metastasis pheno-
types of melanoma cells.48,49 PKM expression is negatively
correlated with the survival of patients with melanoma.50

Together, these findings suggest that an enhanced Warburg
effect promotes malignant progression of melanoma.
Although the Warburg effect has been widely studied in
melanoma, its function in UM progression has rarely been
reported. Recent studies have found a close relationship
between the Warburg effect and tumor immune escape.
Excess lactate produced during glycolysis leads to acidifica-
tion of the TME. The decreased pH in the TME inhibits T cell
proliferation and cytokine secretion, reduces the cytotoxic
activity of T and NK cells, and retards dendritic cell matu-
ration, thus providing support for tumor immune escape51;
however, the relationship between the Warburg effect and
immunosuppressive molecules expressed by tumors remains
unclear. Herein, we found that the Warburg effect stabilized
both PD-L1 and HLA-E proteins in UM cells. Then, we used
SO to inhibit the production of lactate, the main metabo-
lite generated by the Warburg effect, which reduced PD-L1
and HLA-E protein levels, suggesting that lactate is an essen-
tial metabolite for PD-L1 and HLA-E expression. How lactate
influences PD-L1 and HLA-E expression levels is a critical
question to be addressed in future investigations.

Lactic acid comprises lactate and H+, both of which
are reported to promote tumor progression.52 To determine
whether lactate, H+, or both influence PD-L1 and HLA-E
expression in UM cells, we added NaHCO3 to the culture
medium to clear extracellular H+, and observed no signifi-
cant change in PD-L1 and HLA-E protein levels. Furthermore,
we knocked down GPR81 to study the effects of lactate, as
GPR81 is the only specific lactate receptor under physiolog-
ical conditions. GPR81 is widely expressed in normal and
tumor tissues, and is activated by lactate, with no depen-
dency on H+.52 GPR81 knockdown decreased PD-L1 and
HLA-E protein stability. Previous studies have focused on
the effects of lactate on immune escape, mainly includ-
ing metabolic reprogramming of immune cells.53 Never-
theless, in the autocrine pathway, tumor cell-generated
lactate acts directly on GPR81 on tumor cells, influencing
tumor immunosurveillance via increasing PD-L1 expression.
Furthermore, Feng et al. reported that lactate-GPR81 inter-
action induces PD-L1 transcription in lung cancer cells.54 In
contrast, Sasi et al. found that cAMP, a molecule decreased
in response to GPR81 activity, promotes PD-L1 transcription
and protein expression in diffuse large B-cell lymphoma55;
however, we did not detect either up or downregulation
of PD-L1 mRNA levels in response to lactate or LDHA
inhibitor in UM cells. GPR81 couples to the Gi-type protein
subunit and mediates lactate-induced decreases in cAMP
levels and PKA activity.56 In the present study, recovering
intracellular cAMP levels induced the ubiquitin-mediated
degradation of PD-L1 and HLA-E proteins, and inactiva-
tion of PKA restored their stability in UM cells. These find-
ings demonstrate that lactate-GPR81 activation upregulates
PD-L1 and HLA-E levels through cAMP-PKA signaling in a
non-transcription-dependent manner.

Taken together, the findings of the present study demon-
strate a mechanism underlying IL-6-mediated immune
escape in UM. Persistent IL-6 in the TME accelerates
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FIGURE 9. Schematic diagram showing the role of the inflammatory factor, IL-6, in enhancing the protein stability of the immunosuppressive
molecules, PD-L1 and HLA-E, in uveal melanoma cells.

the glycolytic metabolic pathway by inducing PKM and
LDHA expression, thereby promoting lactate production.
Extracellular lactate derived from UM cells activates the
lactate receptor, GPR81, to reduce intracellular cAMP levels,
which in turn attenuates PKA activity, ultimately repressing
the ubiquitin-dependent degradation of PD-L1 and HLA-E
proteins. Finally, upregulation of PD-L1 and HLA-E protects
UM from the killing effects mediated by cytotoxic T and NK
cells (Fig. 9).
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