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ABSTRACT
◥

Cancer cells have acquired several pathways to escape from
host immunity in the tumor microenvironment. Programmed
death 1 (PD-1) receptor and its ligand PD-L1 are involved in the
key pathway of tumor immune escape, and immune checkpoint
therapy targeting PD-1 and PD-L1 has been approved for the
treatment of patients with certain types of malignancies.
Although PD-1 is a well-characterized receptor on T cells, the
immune checkpoint receptor is also expressed on tumor-
associated macrophages (TAM), a major immune component
of the tumor microenvironment. In this study, we found signif-
icant diurnal oscillation in the number of PD-1–expressing
TAMs collected from B16/BL6 melanoma-bearing mice. The
levels of Pdcd1 mRNA, encoding PD-1, in TAMs also fluctuated
in a diurnal manner. Luciferase reporter and bioluminescence
imaging analyses revealed that a NF-kB response element in the

upstream region of the Pdcd1 gene is responsible for its diurnal
expression. A circadian regulatory component, DEC2, whose
expression in TAMs exhibited diurnal oscillation, periodically
suppressed NF-kB–induced transactivation of the Pdcd1 gene,
resulting in diurnal expression of PD-1 in TAMs. Furthermore,
the antitumor efficacy of BMS-1, a small molecule inhibitor of
PD-1/PD-L1, was enhanced by administering it at the time of day
when PD-1 expression increased on TAMs. These findings
suggest that identification of the diurnal expression of PD-1 on
TAMs is useful for selecting the most appropriate time of day to
administer PD-1/PD-L1 inhibitors.

Implications: Selecting the most appropriate dosing time of PD-1/
PD-L1 inhibitors may aid in developing cancer immunotherapy
with higher efficacy.

Introduction
Tumor tissue is composed of not only cancer cells, but also

numerous noncancer cells such as fibroblasts, epithelial cells, lym-
phocytes, macrophages, and myeloid-derived suppressor cells. The
tumor microenvironment is also associated with the extracellular
matrix, growth factors, and cytokines, and supports tumor growth
and resistance to chemotherapy (1). Although immune cells infiltrate
tumor tissue to eliminate cancer cells, there are several pathways
through the tumor microenvironment to escape host immunity. One
of the most important components in this pathway is an immuno-

suppressive co-signal (immune checkpoint) mediated by programmed
death 1 (PD-1) receptor and its ligand PD-L1 (2). PD-L1 binds to PD-1
receptor expressed on T cells and tumor-associated macrophages
(TAM), preventing their antitumor activities through the induction
of exhaustion and apoptosis (3, 4).

Among tumor-infiltrating cells, TAMs are one of themost abundant
immune components and are closely associated with the poor prog-
nosis of patients with solid tumors (5). Macrophages exhibit highly
flexible phenotypes depending on their microenvironment, with pro-
inflammatory macrophages and anti-inflammatory macrophages
referred to as M1 and M2 macrophages, respectively (6, 7). TAMs
are mainly polarized into M2 macrophages, which have an anti-
inflammatory phenotype and promote immunosuppressive condi-
tions of the tumor microenvironment through the expression of
immunosuppressive molecules (8).

Immune checkpoint inhibitors (ICI) targeting the PD-1/PD-L1
interaction are employed in immunotherapy against advanced cancers
such as melanoma, renal cancer, and lung cancer (9–11). Although
they have long-term, potentially clinical benefits, only a few patients
(20%–30%) are estimated to have a positive response to PD-1/PD-L1
blockade therapy (12), and primary or acquired resistance may lead to
tumor progression in patients with a clinical response (13). In addition,
ICIs lead to the emergence of novel toxic features, known as immune-
related adverse events, such as pneumonitis, hepatitis, and neurotoxic
effects (14, 15). Although severe immune-related adverse events are
rare, they are a limiting factor of ICIs treatment because they are life-
threatening without intervention and proper management.

One approach for increasing the efficacy of pharmacotherapy or
reducing the adverse effects is to administer drugs at the time of day
when they are most effective and/or best tolerated. In experimental
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chronopharmacology studies andmulticenter randomized trials, diur-
nal variation of the target protein affects the effects of drugs and/or
their toxicity (16–18). Daily variations in biological functions are
governed by an internal self-sustained molecular oscillator referred
to as the circadian clock (19). The circadian clock comprises several
clock genes such as Arntl (also known as Bmal1), Clock, Period (Per),
and Cryptochrome (Cry). CLOCK and BMAL1 act in the form of a
heterodimer and activate the transcription of Per and Cry genes, and
increases in PER and CRY proteins suppress CLOCK/BMAL1-medi-
ated transactivation. The activation and suppression of CLOCK/
BMAL1 and PER/CRY, which alternates in approximately 24-hour
cycles, generate the periodic activation and repression of clock-
controlled genes.

During tumor growth, cells constituting the tumor microenviron-
ment are often restricted to be provided nutrients and oxygen. Most
solid tumors indeed have hypoxia regions caused by aberrant vascu-
larization and poor blood supply (20). The hypoxic response induces
the stabilization of hypoxia-inducible factor-1 subunit alpha (Hif1a),
and subsequent increase in the expression of Dec1 and Dec2 (21).
Because Dec1 and Dec2 also act as the components of molecular
circadian clock (22), the hypoxia-induced activation of Hif1a–Dec1
axis interfere with the circadian clock machinery in tumor cells (20).

The cellular function of macrophages is also under the control of
the circadian clock; therefore, macrophages exhibit diurnal changes
in immune responses (23, 24). Under homeostatic conditions,
macrophages rhythmically express �1,400 genes (23), of which a
significant portion have immune function. Disruption of the clock
machinery causes the dysfunction of macrophages, followed by
disorders, such as cancers, diabetes, and hepatitis (24–27), suggest-
ing that the macrophagic circadian clock is closely related to the
promotion of pathologies.

During the analysis of the circadian characteristics of tumor
immune function, we noted significant diurnal oscillation in the
number of PD-1–expressing TAMs collected from B16/BL6 melano-
ma-bearing mice. The molecular circadian clock governing the rhyth-
mic fluctuation in NF-kB–induced transactivation of the Pdcd1 gene,
thereby leading to diurnal oscillation of PD-1 expression in TAMs.
Therefore, we investigated the relevance of the rhythmic expression of
PD-1 on TAMs for PD-1/PD-L1 inhibitor–induced antitumor activity
in tumor-bearing mice.

Materials and Methods
Cell and treatment

RAW264.7 macrophage-like cells (RRID:CVCL_0493) were pur-
chased from ATCC. B16/BL6 melanoma (RRID:CVCL_0157) and
NIH3T3 fibroblasts (RRID:CVCL_0594) were purchased from Cell
Resource Center for Biomedical Research (Tohoku University).
RAW264.7 cells and NIH3T3 cells were cultured in DMEM supple-
mented with 5% FBS and 0.5% penicillin–streptomycin solution
(Invitrogen; Life Technologies, Carlsbad, California). B16/BL6 cells
were cultured in RPMI1640 supplemented with 5% FBS (Gibco BRL,
Gaithersburg, Maryland) and 0.5% penicillin–streptomycin solution
(Invitrogen). Cells were maintained at 37�C in a humidified 5% CO2

atmosphere. We confirmed the absence of microbes in these cell lines
using a TaKaRa PCR Mycoplasma Detection Set. Cell lines were
authenticated by each cell bank using short tandem repeat– PCR
analysis, and these cell lines were used within 6 months from frozen
stocks. To synchronize the cellular circadian clock, RAW264.7 cells
were treated with 100 nmol/L dexamethasone (DEX) for 2 hours.
Control cells were also set without treatment with DEX. The cells were

washed with DMEM supplemented with 5% FBS and 0.5% penicillin
and streptomycin, and then incubated in the medium at 37�C in a
humidified 5% CO2 atmosphere. RNA and protein samples were
prepared from circadian clock-synchronized cells every 4 hours after
DEX treatment.

Construction of dec2 knockdown RAW264.7 cells
Mock and Dec2 shRNA lentivirus particles (Santa Cruz Biotech-

nology, Santa Cruz, California), and 10 mg/mL of polybrene were
added to the media of RAW264.7 cells, and then incubated for
24 hours. Dec2 shRNA-transduced cells were selected with 1 mg/mL
of puromycin.

Construction of cflar knockdown B16/BL6 cells
miRNA expression vectors were constructed using a BLOCK-iT Pol

II miRNA-Expression Vector Kit with EmGFP (Invitrogen; Life
Technologies). The miRNA oligonucleotide against the Cflar gene
(anti-Cflar miRNA) was annealed at 95�C for 4minutes and then
ligated to the linear pcDNA 6.2-GW/EmGFP-miR vector. The
annealed oligonucleotide sequences of anti-Cflar are listed in Supple-
mentary Table S1. Constructed vectors were transfected into B16/BL6
cells using Lipofectamine LTX & PLUS reagent (Thermo Fisher
Scientific, Waltham, Massachusetts). miRNA-expressing cells were
selected with blasticidin S (Wako Chemicals, Osaka, Japan), and
individual colonies were then expanded and maintained in media
containing 10mg/mL of blasticidin S.

Construction of mEGFP-expressing B16/BL6 cells
mEGFP-C1 plasmid was gifted from Michael Davidson (RRID:

Addgene_54759). The sequence of mEGFP was subcloned into
pLVSIN-CMV Pur (Takara). Lentivirus particles were prepared by
the Lentiviral High Titer Packaging Mix with pLVSIN series (Clone-
tech, Palo Alto, California) using Lenti-X 293 T-cell lines. mEGFP-
expressing lentivirus particles and 10 mg/mL of polybrene were added
to the media of B16/BL6 cells, and then incubated for 24 hours.
mEGFP-transduced cells were selected with 1 mg/mL of puromycin.

Coculture assay
mEGFP-expressing B16/BL6 cells were seeded on 6-well culture

plates at 1�106 per well and incubated for 12 hours. Medium was
replaced with serum-free RPMI containing 1�106 mock or DEC2-KD
RAW263.7 macrophages. Cells were treated with 10 mmol/L BMS-1, a
small-molecule PD-1/PD-L1 inhibitor (19914, Cayman Chemical,
Ann Abor, Michigan) or vehicle (0.2% DMSO) for 24 hours. After
treatment, cells were collected and preincubated in a 1:50 dilution of Fc
block (BioLegend) in Hank’s Balanced Salt Solution (HBSS) contain-
ing 0.5% BSA and 2 mmol/L EDTA for 10 minutes on ice. This was
followed by a 1-hour incubation with phycoerythrin-conjugated anti-
mouse/human CD11b antibody (BioLegend). Samples were acquired
on a BD FACSAria III Cell Sorter with FACSDiva software v6.1.3 and
analyzed using FlowJo software (RRID:SCR_008520).

Animals and treatments
Male C57BL/6Jmice were housed in groups (from 6 to 8 per cage) in

a light-controlled room (ZT, zeitgeber time; ZT0, lights on, ZT12,
lights off) at 24�1�C,with humidity at 60�10%, and food andwater ad
libitum. B16/BL6 (1 � 104 cells) or Cflar knockdown (KD) B16/BL6
(1 � 105 cells) suspended in 50 mL of 50% Matrigel (Corning)/PBS
(1:1) were implanted subcutaneously into the back of 5-week-old
C57BL/6J mice under isoflurane anesthesia. Cflar-KD B16/BL6-
implanted mice were intratumorally injected with a single daily dose
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of 50 mg of the PD-1/PD-L1 inhibitor BMS-1 (19914, Cayman
Chemical) or vehicle (PBS containing 10% DMSO) at ZT6 or ZT18.
The injection of drugs was initiated on day 9 after cancer implantation.
All protocols using mice were reviewed and approved by the Animal
Care and Use Committee of Kyushu University. All methods were
performed in accordance with the relevant guidelines and regulations.

Flow cytometry and cell sorting
Tumor specimens were dissociated in RPMI1640 supplemented

with 25 mmol/L HEPES-NaOH (pH 7.4), 0.1% DNase I (Sigma-
Aldrich) and 0.1% collagenase type 4 (Worthingtong Biochemical
Corporation, Freeway, New Jersey). Residual red blood cells were lysed
with red blood cell lysis buffer (150 mmol/L NH4Cl, 10 mmol/L
NaHCO3, and 1.25 mmol/L EDTA). In order to stain CD8þ T cells,
single-cell pellets were preincubated in a 1:50 dilution of Fc block
(BioLegend, San Diego, California) in HBSS (5.4 mmol/L KCl,
0.44 mmol/L KH2PO4, 137 mmol/L NaCl, 0.34 mmol/L Na2HPO4,
and 5.55 mmol/L D-Glucose) containing 0.5% BSA and 2 mmol/L
EDTA for 10minutes on ice. This was followed by a 1-hour incubation
with phycoerythrin anti-mouse CD8a antibodies (BioLegend, RRID:
AB_312747), FITC anti-mouse CD3 antibodies (BioLegend, RRID:
AB_312661), APC anti-mouse CD279 (PD-1) antibodies (BioLegend,
RRID:AB_10612938), and PerCP anti-mouse CD45 antibodies (Bio-
Legend, RRID:AB_893339). Cells were washed twice with HBSS
containing 0.5% BSA and 2 mmol/L EDTA. For staining TAMs,
single-cell pellets were resuspended in PBS supplemented with 0.5%
BSA and 2 mmol/L EDTA, and added to anti-F4/80 microbeads
(Miltenyi Biotechnology, Auburn, California, RRID:AB_2858241).
F4/80þ macrophages were isolated using a magnetic-activated cell-
sorting column (Miltenyi Biotechnology, Gladbach, Germany). The
cells were preincubated in a 1:50 dilution of Fc block (BioLegend,
RRID:AB_1574975) in HBSS containing 0.5% BSA and 2 mmol/L
EDTA for 10minutes on ice. This was followed by a 1-hour incubation
with phycoerythrin anti-mouse/human CD11b antibodies (BioLe-
gend, RRID:AB_312791), FITC anti-mouse CD206 (MMR) antibodies
(BioLegend, RRID:AB_10900988), and APC anti-mouse CD279 (PD-
1) antibodies (BioLegend). Cells were washed twice with HBSS con-
taining 0.5%BSA and 2mmol/L EDTA. Bloodwas hemolyzedwith red
blood cell lysis buffer. Thewhite blood cells were preincubated in a 1:50
dilution of Fc block in 0.5% BSA and 2 mmol/L EDTA containing
HBSS for 10minutes on ice, and then stained with phycoerythrin anti-
mouse/human CD11b and FITC anti-mouse F4/80 antibodies. Cells
were washed twice with HBSS containing 0.5% BSA and 2 mmol/L
EDTA. Samples were acquired on a BD FACSAria III Cell Sorter
(BectonDickinsonBiosciences, SanDiego, California) with FACSDiva
software v6.1.3 and analyzed using FlowJo software (BectonDickinson
Biosciences). Gating strategies for TAMs and CD8þ T cells are shown
in Supplementary Fig. S1

Preparation of primary culture of TAMs
F4/80þ macrophages were isolated from tumor masses using a

magnetic-activated cell sorting. Isolated TAMs were cultured in RPMI
supplemented with 10% FBS and 0.5% penicillin and streptomycin,
and then incubated in the medium at 37�C in a humidified 5% CO2

atmosphere. To synchronization of cellular circadian clock, cells were
treatedwithDEX for 2 hours, and collected RNAevery 4 hours from28
to 48 hours after DEX treatment.

Quantitative RT-PCR analysis
Total RNA was extracted using ReliaPrep RNA mini prep systems

(Promega, Madison, Wisconsin) or RNAiso (Takara Bio Inc., Otsu,

Japan) according to the manufacturer’s instructions. cDNA was
synthesized using a ReverTra Ace qPCR RT Kit (Toyobo Life Science,
Osaka, Japan). The cDNAwas amplified by PCR using a light cycler 96
(Nippon Genetics, Tokyo, Japan). Data were normalized using 18S
ribosomal RNA as a control. Primer sequences are listed in Supple-
mentary Table S2.

Western blotting
Nuclear and cytosolic fractions fromRAW264.7 cells were prepared

by centrifugation (28). Total protein was extracted using lysis buffer
[20 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 0.1% SDS, 1%
Nonidet P-40, 0.5% Deoxycholic acid, and 2 mmol/L EDTA). The
extracts were centrifuged at 15,000 g at 4�C for 10 minutes and the
supernatant was collected. Obtained protein extracts were mixed with
2�sample buffer and denatured at 95�C for 5 minutes. The samples
were separated by SDS-PAGE and transferred to a polyvinylidene
difluoride membrane. Membranes were reacted with antibodies
against DEC2 (12688–1-AP, Proteintech, Wuhan, China, RRID:
AB_2065361), b-ACTIN conjugated with horseradish peroxidase
(sc-47778, Santa Cruz Biotechnology, RRID:AB_2714189), p65
(ab16502, Abcam, Cambridge, Massachusetts), and p84 (10920–1-
AP, Proteintech, RRID:AB_2202239). Specific antigen–antibody com-
plexes were visualized using HRP-conjugated anti-rabbit antibody
(ab97051, Abcam, RRID:AB_10679369) and ImmunoStar LD (Wako
Chemicals). Visualized images were scanned using an ImageQuant
LAS4000 (GE Healthcare, Chalfont, United Kingdom).

Construction of the luciferase reporter vector
Genomic DNA was extracted from RAW264.7 cells. The promoter

region of themouse Pdcd1 gene, encoding PD-1, spanning from –2050
or –1540 or –913 toþ63 bp was amplified by PrimeSTARMAX DNA
polymerase (R045A, Takara), and the products were ligated into the
pGL4.18 luciferase reporter vector (Promega) using DNA ligation
reagents (Nippon Gene). Primer sets for amplification of the upstream
region of mouse Pdcd1 are listed in Supplementary Table S3.

Luciferase reporter assay
RAW264.7 cells were seeded on 24-well culture plates at 2�105 per

well. Cells were transfected with 100 ng of Pdcd1(–2050/þ63)::Luc,
Pdcd1(–1540/þ63)::Luc, Pdcd1(–913/þ63)::Luc or pNF-kB:luc (Stra-
tagene), and 400ng (total) of expression vectors. The pcDNA3.1 empty
vector was added to adjust the total amount of DNA in all transfec-
tions. A total of 10 ng of phRL-TK vector (Promega) was also
transfected as an internal control reporter. Cells were harvested
24 hours after transfection and lysates were analyzed using the
Dual-Luciferase reporter assay system (Promega). The ratio of firefly
to renilla luciferase activity in each sample served as a measure of
normalized luciferase activity.

Real-time monitoring of circadian bioluminescence
NIH3T3 cells were transfected with Pdcd1(–2050/þ63)::Luc, Pdcd1

(–1540/þ63)::Luc, or Pdcd1(–913/þ63)::Luc. Thereafter, cells were
stimulated with 100 nmol/L DEX for 2 hours to synchronize their
circadian clocks. Bioluminescence from Pdcd1(–2050/þ63)::Luc-,
Pdcd1(–1540/þ63)::Luc-, or Pdcd1(–913/þ63)::Luc-transfected cells
was recorded using a real-time monitoring system (Lumicycle, Acti-
metrics, Wilmette, Illinois), and the amplitude was calculated using
Lumicycle analysis software (Actimetrics).

Immunofluorescence histochemical staining
B16/BL6 melanoma tumor masses were removed from mice and

fixed with 4% paraformaldehyde. The fixed tumor masses were sliced
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into 12-mm sections using Cryostar NX70 (Thermo Scientific). The
sections were blocked in solution containing 10% FBS and 0.1%
Triton X-100 for 1 hour at room temperature, followed by incu-
bation with antibody against F4/80 (BioRad, Hercules, California)
at 4�C for 12 hours. After washing, sections were incubated with
a fluorescent secondary antibody (Alexa Fluor 555, Abcam) at
room temperature for 4 hours. The sections were mounted using
Vectashield hard-set mounting medium with 40,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, California). Visu-
alized images were obtained using a BZ-9000 instrument (Keyence,
Osaka, Japan).

Statistical analysis
All statistical analyses were carried out using JMP pro 14 software

(SAS Institute Japan). All data were checked the normality and equal
variances before performing ANOVA. The statistical significance of
the circadian variations was assessed by one-way ANOVA. The
comparison of multiple groups was assessed by one-way ANOVA
with Tukey-Kramer post hoc test. The comparison of data between two
groups was tested by unpaired t test. It was considered to be significant
if P value was <0.05.

Results
Circadian clock machinery functions in TAMs

To investigate whether the circadian clock machinery is functional
in TAMs,we assessed the temporal expression profiles of clock genes in
TAMs and circulating monocytes in blood. Two weeks after the
implantation of B16/BL6 cells into subcutaneous tissue in the back
region in C57BL/6J mice, tumor masses were removed at six different
time points and single-cell suspensions were prepared. Circulating
monocytes were also prepared from blood after hemolysis. F4/80þ/
CD11bþ/CD206þ cells were isolated as TAMs using magnetic-
activated cell sorting and FACS (Fig. 1A). The mRNA levels of clock
genes exhibited significant diurnal oscillations in both TAMs and
circulating monocytes, but the expression levels of several clock genes
in TAMs were significantly different from those in circulating mono-
cytes (Fig. 1B). The expression levels of Per2, Dec2, and Rev-erba
increased in TAMs, whereas Clock, Per1, Cry1, Dec1, Nfil3, and Rora
mRNA levels in TAMs decreased compared with those in circulating
monocytes. Although the PD-1–expressing monocytes were undetect-
able in circulating blood, FACS analysis revealed that the number of
PD-1–expressing TAMs increased in a diurnal manner (P <
0.01; Fig. 1C). The levels of Pdcd1 mRNA, encoding PD-1 protein,
in TAMs also showed significant diurnal oscillation (P< 0.05;Fig. 1D).
The oscillation in the number of PD-1–expressing TAMs was delayed
by approximately 4 hours relative to the Pdcd1 mRNA rhythm. This
suggests that the expression ofPcdc1 gene inTAMs is under the control
of circadian clock machinery.

DEC2 regulates the circadian expression of Pcdc1.
Next, we investigated whether molecular components of the circa-

dian clock regulate the expression of Pdcd1. To prepare primary
culture of TAMs, F4/80þ macrophages were isolated from tumor
masses using a magnetic-activated cell sorting, and then treated with
100 nmol/L DEX to synchronize the circadian clock (29). The mRNA
levels of Per2 and Bmal1 in primary culture of TAMs exhibited
significant 24-hour oscillation after DEX treatment (Supplementary
Fig. S2). In the circadian clock-synchronizedTAMs,Pdcd1mRNAalso
showed 24-hour oscillation (Supplementary Fig. S2), suggesting that
rhythmic expression of Pdcd1 in TAMs is caused by cell-autonomous
clockmachinery. Because it was hard to prepare a sufficient number of

TAMs for analyzing molecular circadian system, we also used murine
macrophage-like cell line RAW264.7 to investigate the underlying
mechanism of diurnal expression of Pdcd1. After treatment of
RAW264.7 with 100 nmol/L DEX, the mRNA levels of Per2, Bmal1,
and Pdcd1 also exhibited significant 24-hour oscillations (Fig. 2A). As
circadian clock nonsynchronized cells failed to show significant 24-
hour oscillation of mRNA levels of clock gene and Pdcd1, rhythmic
expression of Pdcd1 in RAW264.7 cells also appeared to be governed
by cell-autonomous clock machinery.

As several DNA sequences homologous with clock gene response
elements, E-box, D-site, and retinoic orphan receptor (ROR) response
elements, are located in the upstream region of mouse Pdcd1 gene, we
focused on these response elements and performed transient tran-
scription assays by constructing luciferase reporter vectors containing
the upstream region of the mouse Pdcd1 gene spanning from –2050 to
þ63 bp (relative to the transcription start site, þ1). The reporter
constructs of Pdcd1 (–2050/þ63)::Luc were cotransfected with expres-
sion vectors encoding PER1, PER2, CLOCK/BMAL1, CRY1, DEC1,
DEC2, RORa, REV-ERBa, DBP, and NFIL3 (Fig. 2B). The transcrip-
tional activity of Pdcd1 (–2050/þ63)::Luc was significantly repressed
by PER2 and DEC2 (P < 0.05 for PER2; P < 0.001 for DEC2,
respectively) and increased by DBP (P < 0.01), but was unaffected by
PER1, CRY1, CLOCK/BMAL1, NFIL3, RORa, and REV-ERBa
(Fig. 2B). Dec2 was upregulated in TAMs and suppressed the tran-
scriptional activity of Pdcd1 (–2050/þ63)::Luc. Furthermore, the
protein levels of DEC2 in TAMs isolated from B16BL6 tumor masses
increased at the trough time of Pdcd1 mRNA expression (Supple-
mentary Fig. S3A), suggesting that DEC2 acts as a circadian repressor
of Pdcd1 expression in TAMs. To investigate the circadian role of
DEC2 in more detail, we prepared stable Dec2 KD RAW264.7 cells
using a lentiviral system. Mock-transduced RAW264.7 cells exhibited
significant 24-hour oscillation of DEC2 protein after DEX treatment,
but transduction of shRNA against Dec2 reduced the levels of protein
and mRNA throughout all examined time points (Fig. 2C; Supple-
mentary Fig. S3B). Under this condition, the Pdcd1 mRNA levels
were constitutively increased in Dec2 KD RAW264.7 cells (Fig. 2D),
suggesting that DEC2 represses the expression of Pdcd1 by acting on
the DNA sequence between –2050 to þ63 bp.

DEC2 suppresses the transcription of Pcdc1 through inhibition
of the nuclear translocation of p65

To explore the underlying mechanism of DEC2-regulated circa-
dian Pdcd1 expression, we searched for regions responsible
for generating 24-hour expression of Pdcd1. The reporter constructs
of Pdcd1 (–2050/þ63)::Luc, (–1540/þ63)::Luc, or (–913/þ63)::Luc
were transfected into NIH3T3 cells, and their circadian clock was
synchronized by treatment with 100 nmol/L DEX for 2 hours.
RAW264.7 cells rapidly growth and their viability was gradually
decreased during the assessment of circadian bioluminescence.
Therefore, NIH3T3 cells were used in this experiment instead of
RAW264.7. Bioluminescence oscillated with a period length of
approximately 24 hours in cells transfected with Pdcd1 (–2050/
þ63)::Luc or Pdcd1 (–1540/þ63)::Luc, but no significant biolumi-
nescence oscillation was detected in cells transfected with Pdcd1 (–
913/þ63)::Luc (Fig. 3A). The oscillated bioluminescence of Pdcd1
(–1540/þ63)::Luc was repressed by transfection with Dec2-expres-
sing vector (Fig. 3B). Although this suggested that the upstream
region of the mouse Pdcd1 gene from –1540 to –913 bp contains
elements responsible for its circadian expression, computer-aided
analysis of this region revealed no consensus DNA sequence of
clock gene response elements.
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NF-kB plays an essential role in the inflammatory response (30).
Recent studies demonstrated that NF-kB is also involved in the
regulation of circadian gene expression (31, 32). A highly conserved
NF-kB response element (NRE) was located from –1264 to –1255 bp
and –974 to –965 bp upstream from the transcription start site of the

mouse Pdcd1 gene (Fig. 3C). NRE sequences were also observed at a
similar position in the human PDCD1 gene (Supplementary Fig. S4).
Treatment of macrophages with lipopolysaccharide (LPS) activates
p65, a component of NF-kB, through stimulation of TLR4 signaling
and upregulates the expression of Pdcd1 (33).We investigated whether

Figure 1.

Diurnal variations in the population rate of PD-1–expressing TAMs in mouse B16/BL6 melanoma-forming tumor masses. A, Schematic depicting the isolation
method of TAMs from mouse B16/BL6 melanoma-forming tumor masses. B, Temporal mRNA expression profiles of Bmal1, Clock, Per1, Per2, Cry1, Dec1, Dec2,
Dbp, Nfil3, Rora, and Rev-erba in TAMs and circulating monocytes. Data were normalized by 18S rRNA levels. Values are the mean with SD (n ¼ 3). There were
significant time-dependent variations in the mRNA levels of all circadian clock gene in both TAMs and circulating monocytes (P < 0.01, respectively; one-way
ANOVA). C, The left diagrams show the representative proportion of PD-1þ TAMs collected at ZT6 and ZT18. Right panel shows temporal profiles of the
population of PD-1–expressing F4/80þ CD11bþ CD206þ TAMs. Values are the mean with SD (n ¼ 3). There was a significant time-dependent variation in
the population of PD-1–expressing TAMs. (F5,12 ¼ 63.251, P < 0.001; one-way ANOVA). D, Temporal expression profile of Pdcd1 mRNA in TAMs. Data
were normalized by 18S rRNA levels. Values are the mean with SD (n ¼ 3). There was a significant time-dependent variation in Pdcd1 mRNA levels (F5,12 ¼
4.167, P ¼ 0.020; one-way ANOVA). The horizontal bar at the bottom of each panel indicates light and dark cycles.
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DEC2 represses the transcription of Pdcd1 by inhibiting NF-kB
activity. The promotor activity of luciferase reporters containing
consensus NRE (NRE::Luc) was significantly increased by p65, but
the p65-mediated transactivation of NRE::Luc was suppressed by
DEC2 (Fig. 3D). As observed in the case of NRE::Luc, the reporter
activity of Pdcd1 (–1540/þ63)::Luc was also increased by p65 and its
transactivation was repressed by DEC2 (Fig. 3E). This suggests that
DEC2 represses Pdcd1 expression by inhibiting NF-kB transcriptional
activity. After inflammatory stimuli, such as LPS, p65 is translocated
into the nucleus and forms dimers as part of the activation process (34).
LPS-induced nuclear translocation of p65 in RAW264.7 cells was
significantly prevented by DEC2 (Fig. 3F). Thus, DEC2 represses the
p65-mediated transactivation of Pdcd1. The time-dependent repres-
sion of p65-mediated transactivation byDEC2may cause the circadian
expression of Pdcd1 in TAMs.

DEC2 regulates the antitumor effects of macrophages by
regulating PD-1 expression.

It is well established that the blockade of PD-1/PD-L1 interactions
promotes T cell–mediated antitumor effects (35). In addition, anti-
tumor activity of TAMs is suppressed by the PD-1/PD-L1 path-

way (36). As DEC2 negatively regulated the expression of PD-1 in
RAW264.7 cells, we investigated whether DEC2 alters the pharma-
cologic effects of PD-1/PD-L1 inhibitors on the antitumor immunity
of RAW264.7macrophages. A small molecular PD-1/PD-L1 inhibitor,
BMS-1, was tested. Treatment of cultured B16/BL6 and RAW264.7
cells with 10 mmol/L BMS-1 for 24 hours had negligible effects on their
viability (Fig. 4A and B). No significant change in the viability ofDec2
KD RAW264.7 cells was noted after treatment with 10 mmol/L BMS-1
(Fig. 4B). On the other hand, the concentration of BMS-1 significantly
affected the viability of B16/BL6melanomawhen cells were cocultured
with mock-transduced RAW264.7 macrophages (P < 0.01; Fig. 4C).
The viability of B16/BL6 melanoma in coculture with mock-
transduced RAW264.7macrophages decreased by 24% after treatment
with BMS-1. Under this coculture condition, downregulation of DEC2
in RAW264.7 cells increased the viability of B16/BL6 melanoma, but
the higher viability ofmelanoma cells was also significantly suppressed
by 10 mmol/L BMS-1 (P < 0.01). The viability of B16/BL6melanoma in
coculture with DEC2-KD RAW264.7 macrophages decreased by 38%
after treatment with BMS-1. Thus, the ability of DEC2 to alter
antitumor immunity of macrophages affects the pharmacologic effects
of the PD-1/PD-L1 inhibitor BMS-1.

Figure 2.

DEC2 regulates the circadian expression of Pdcd1mRNA inmacrophages.A, Temporal mRNA expression profiles of Per2,Bmal1, and Pdcd1 in RAW264.7 cells, whose
circadian clockswere synchronized by treatment with 100 nmol/L DEX for 2 hours. Nontreatment cells were set as a nonsynchronized control. Datawere normalized
by the levels of 18S rRNA and the mean of each group was set at 1.0. Values are the mean with SD (n¼ 3). There were significant time-dependent variations in Per2,
Bmal1, and Pdcd1 in DEX treatment group (F12, 26 ¼ 53.225, P < 0.001 for Per2; F12, 26 ¼ 12.609, P < 0.001 for Bmal1; F12, 26 ¼ 18.874, P < 0.001 for Pdcd1; one-way
ANOVA).B,DEC2 negatively regulates the transcription of thePdcd1gene. RAW264.7 cellswere cotransfectedwithPdcd1(-2050/þ63)::Luc, and expression vectors
for PER1, PER2, CRY1, DEC1, DEC2, CLOCK/BMAL1, NFIL3, DBP, RORa, and REV-ERBa. The values are the mean with SD (n ¼ 3). The value of empty vector
(pcDNA3.1)-transfected RAW264.7 cells was set at 1.0. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; significant difference from empty vector (pcDNA3.1)-transfected
groups (F10,33¼ 18.109, P < 0.001; ANOVA with the Tukey Kramer post hoc test). C, Temporal expression profiles of DEC2 protein in mock-transduced and Dec2 KD
RAW264.7 cells, whose circadian clocks were synchronized by treatment with 100 nmol/L DEX. Data were normalized by the b-ACTIN levels. Values are the mean
with SD (n¼ 3). (F1, 28¼ 216.110,P <0.01 for group;F6,28¼ 17.930,P<0.01 for time point; F6,28¼ 12.966,P<0.01 for time point�group; two-wayANOVA).D, Temporal
expression profiles of Pdcd1mRNA inmock-transduced andDec2 KDRAW264.7 cells, whose circadian clockswere synchronized by treatmentwith 100 nmol/L DEX.
Datawere normalizedby the levels of 18S rRNA.Values are themeanwith SD (n¼ 3). (F1,28¼ 323.663,P<0.01 for group; F6,28¼8.459,P¼0.016 for timepoint;F6,28¼
4.890, P < 0.01 for time point�group; two-way ANOVA).
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Dosing time-dependent change in the antitumor effects of
BMS-1.

As the number of PD-1–expressing TAMs exhibited significant
diurnal oscillation in B16/BL6 melanoma-implanted mice
(Fig. 1C), we investigated whether the antitumor effects of BMS-
1 in B16/BL6-bearing mice can be improved by optimizing the
dosing time. B16/BL6 melanoma cells were reported to acquire

resistance to PD-1/PD-L1 blockade (37), but a recent study reported
that downregulation of the Cflar gene increases the PD-1 blockade
efficacy in a melanoma tumor model (38). Therefore, we prepared
Cflar KD B16/BL6 melanoma cells and implanted them into sub-
cutaneous tissue of the back region in C57BL/6J mice. BMS-1
(50 mg) was intratumorally injected every day at ZT6 and ZT18;
at these time points, the expression of PD-1 in TAMs decreased and

Figure 3.

Repression of NF-kB–mediated transactivation byDEC2 underlies the circadian expression ofPdcd1.A,Bioluminescence profiles driven by Pdcd1(-2050/þ63)::Luc-,
Pdcd1(-1540/þ63)::Luc-, and Pdcd1(-913/þ63)::Luc-transfected NIH3T3 cells after treatment with 100 nmol/L DEX for 2 hours. The upper schematic diagrams show
luciferase reporter constructs containing different lengths of the upstream region of the mouse Pdcd1 gene. Closed boxes indicate the sites homologous with clock
gene response elements and the numbers of nucleotide residues indicate the distance from the transcription start site (þ1). Values are the mean with SD (n¼ 6–8).
B, Bioluminescence profiles driven by Pdcd1(-1540/þ63)::Luc in circadian clock-synchronized NIH3T3 cells transfected with Dec2-expressing vectors or control
(pcDNA) vectors. C, Location of the NRE in the upstream region of themouse Pdcd1 gene.D, Suppression of p65-mediated transactivation of the NRE::Luc by DEC2.
RAW264.7 cells were cotransfected with NRE::Luc, and expression vectors for p65 and DEC2. Values are the mean with SD (n ¼ 3). The value of empty vector
(pcDNA3.1)-transfected RAW264.7 cells was set at 1.0. �� , P < 0.01; significant difference between the two groups (F3,8 ¼ 237.051, P < 0.001; one-way ANOVA
with Tukey Kramer post hoc test). E, Suppression of p65-mediated transactivation of the Pdcd1 (–1540/þ63)::Luc by DEC2. RAW264.7 cells were
cotransfected with Pdcd1(–1540)::Luc, and expression vectors for p65 and DEC2. Values are the mean with SD (n ¼ 3). The value of empty vector
(pcDNA3.1)-transfected RAW264.7 cells was set at 1.0. ��, P < 0.01; significant difference between the two groups (F3,8 ¼ 29.215, P < 0.001; one-way ANOVA
with Tukey Kramer post hoc test). F, Suppression of LPS-induced nuclear translocation of p65 by DEC2. RAW264.7 cells were transfected with empty
vector (pcDNA3.1) or Dec2-expressing vector and then treated with 1 mg/mL of LPS for 30 minutes. �� , P < 0.01; significant difference between the two groups
(F3,8 ¼ 96.447, P < 0.001; one-way ANOVA with Tukey Kramer post hoc test).

Tsuruta et al.

Mol Cancer Res; 20(6) June 2022 MOLECULAR CANCER RESEARCH978



increased, respectively (Fig. 1C). IHC analysis revealed that admin-
istration of BMS-1 at ZT18 significantly increased the phagocytic
activity of TAMs (P < 0.01; Fig. 5A). Furthermore, tumor growth
was significantly suppressed by the administration of BMS-1 at

ZT18 compared with administration of the drug at ZT6 (P <
0.01; Fig. 5B). This suggests a link between circadian clock machin-
ery in TAMs and the antitumor immune response in tumor
microenvironment.

Figure 4.

Regulation of antitumor immunity of RAW264.7 macrophages by DEC2. (A and B) The viability of B16/BL6 melanoma (A) and mock-transduced or Dec2 KD
RAW264.7 cells (B) after treatmentwith 10mmol/LBMS-1 for 24 hours.C,BMS-1 increases the antitumor immunity of RAW264.7 cells under coculture conditions. B16/
BL6melanomawas coculturedwithmock-transduced orDec2 KDRAW264.7 cells, and cells were treatedwith 10 mmol/L BMS-1 or vehicle (0.2%DMSO) for 24 hours.
All experiments were conducted without synchronization of the circadian clock. Values are the meanwith SD (n¼ 6). �� , P < 0.01; significant difference between the
two groups (F3,20 ¼ 419.160, P < 0.001; one-way ANOVA with Tukey Kramer post hoc test).

Figure 5.

Dosing time-dependent change in the ability of BMS-1 to inhibit the growth of B16/BL6 melanoma implanted in mice. A, Difference in the number of phagocytic
macrophages in B16/BL6 tumor masses at 7 days after the initiation of BMS-1 administration at ZT6 and ZT18. Cflar KD B16/BL6 cells were implanted into
subcutaneous tissue of the back region in C57BL/6Jmice. From9days after implantation,micewere intratumorally (i.t.) injectedwith a single daily dose of BMS-1 (50
mg) or vehicle (10% DMSO in PBS) at ZT6 or ZT18. The left panel shows immunofluorescence labelling of F4/80 (red) in the GFP-expressing B16/BL6 (green) tumor
masses. The scale bar indicates 50 mm. The phagocyticmacrophagesweremanually counted in a blindedmanner. Values are themeanwith SD (n¼ 7–8). �� , P <0.01;
significant difference between the two groups (F2,19¼ 17.746, P < 0.001; one-way ANOVAwith Tukey Kramer post hoc test). B, Difference in the volume of B16/BL6
melanoma-forming tumor cells at 7 days after the initiation of BMS-1 administration at ZT6 and ZT18. Values are the mean with SD (n¼ 7–8). � , P < 0.05; significant
difference between the two groups (F2,20 ¼ 5.271, P ¼ 0.0145; one-way ANOVA with Tukey Kramer post hoc test). Upper photograph shows dissected tumor from
B16/BL6 melanoma-implanted mice at 7 days after the initiation of BMS-1 administration at ZT6 and ZT18.
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Discussion
Although there have been many recent advances in our under-

standing of circadian control of the immune system, little is known
about circadian changes in the function of tumor-infiltrating immune
cells, including TAMs. In this study, we found that the expression of
PD-1 exhibited significant diurnal oscillation on TAMs collected from
mice B16/BL6 melanoma-forming tumor. The biochemical and
molecular analysis revealed that DEC2 time-dependently repressed
NF-kB–mediated transactivation of Pdcd1, thereby causing diurnal
oscillation of PD-1 expression on TAMs (Fig. 6). Although in vitro
pharmacologic study demonstrates that a RORg agonist attenuates the
expression of PD-1 on T cells, no significant diurnal variation was
detected in the number of PD-1–expressing T cells in B16/BL6
melanoma-forming tumor tissue (Supplementary Fig. S5). The rhyth-
mic expression of PD-1 on TAMs appears to underlie the dosing time-
dependent change in the antitumor effects of the PD-1/PD-L1 inhib-
itor BMS-1 in B16/BL6 melanoma-bearing mice, demonstrating the
importance of the circadian clock in TAMs for cancer immunother-
apy. This notion is also supported by recent findings that the effects of
immune checkpoint inhibitor in patients with advanced melanoma
vary according to administration time (39).

As a variety of immune cells with the capacity to reject cancer cells
infiltrate into the tumor microenvironment, tumor tissue is often
under pro-inflammatory conditions. PD-1 is expressed on the surface
of tumor-infiltrating immune cells, including T cells, natural killer

cells, and TAMs (36, 40). Macrophages are the largest population of
immune cells in B16 melanoma-forming tumor tissues (41). The
proportion of M2 macrophages among PD-1–expressing TAMs is
higher than that of M1 macrophages in the tumor microenvironment
(36). M2-polarized TAMs are known to induce immunosuppressive
effects, especially limiting cytotoxic T-cell responses (42). Although
NF-kB acts as an inducer of M1 polarization of macrophages, previ-
ous (33) and our present findings demonstrated that NF-kB signaling
also activates Pdcd1 expression in TAMs. It has been suggested that
upregulation of PD-1 expression promotes M2 polarization of macro-
phages by increasing the phosphorylation of STAT6 (43). Prolonged
and excessive expression of PD-1 byNF-kB signalingmay result inM2
polarization of TAMs.

In addition to NF-kB–mediated transactivation, the expression
of PD-1 is regulated at the posttranslational level (44). FBXO38 is
identified as a specific E3 ubiquitin ligase of PD-1 that regulates its
proteasome degradation (44). FBXO38 is highly expressed in cir-
culating T cells, but not in tumor-infiltrating T cells (44), support-
ing the notion that the ubiquitin ligase is involved in the regulation
of the antitumor immunity of T cells. The expression of Fbxo38
in TAMs was significantly lower than that in circulating monocytes
(Supplementary Fig. S6). A decrease in the levels of Fbxo38 may
also increase the expression of PD-1 in TAMs. Downregulation
of FBXO38 in tumor-infiltrating T cells is associated with IL2
receptor signaling (44). As the expression levels of IL2 receptor

Figure 6.

Schematic diagram underlying mechanism of the dosing time-dependent changes in the antitumor effects of PD-1/PD-L1 inhibitor BMS-1 in B16BL6 melanoma-
implantedmice. The time-dependent repression of p65-mediated transactivation of Pdcd1 by DEC2 induces the circadian expression of PD-1 in TAMs. The antitumor
efficacy of BMS-1 is enhanced by administering at the time of day when PD-1 expression is increased on TAMs.
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also decreased in M2 macrophages (45), it is possible that atten-
uated IL2 receptor signaling in TAMs increases the expression of
PD-1 via the downregulation of FBXO38.

Accumulating evidence supports that many cellular functions of
macrophages and monocytes are under the control of circadian clock
machinery (23). Most downstream events of the macrophagic circa-
dian clock are related to immune functions for host defense against
bacterial pathogens, which exhibit diurnal variation (46). In this study,
we demonstrated that the mRNA levels of clock genes exhibit signif-
icant diurnal expression not only in circulating monocytes, but also in
TAMs, although the expression levels of several clock genes in TAMs
were different from those observed in circulating monocytes. Among
them, the expression of Dec2 and Rev-erba significantly increased in
TAMs. Although REV-ERBa acts as an anti-inflammatory molecule
through inhibition of NF-kB activity (47), the bioluminescence
rhythm of Pdcd1(–1540/þ63)::Luc was damped by transfection of
Dec2-expressing vector. Furthermore, downregulation of DEC2 in
cultured macrophages increased the expression of Pdcd1 mRNA.
These results suggests that DEC2 functions as the major regulator
of Pdcd1 expression inmacrophages. The time-dependent suppression
of Pdcd1 expression by DEC2 may underlie the diurnal oscillation of
PD-1 levels on TAMs.

Pro-inflammatory conditions in the tumor microenvironment are
closely connected to all stages of cancer development, including
initiation, promotion, and progression, but excessive inflammation
induces apoptotic death of cancer cells (48). The proliferation of cancer
cells implanted in mice exhibits diurnal rhythms, with a peak from the
late light phase to the early dark phase (49), which is delayed by
approximately 8 hours relative to the PD-1 expression rhythm of
TAMs. As PD-1–expressing TAMs display the M2 phenotype of
macrophages and support cancer cell proliferation by secreting growth
factors, the time-dependent change in the number of PD-1–expressing
TAMs may also play a role in the generation of the diurnal rhythm of
proliferation of cancer cells in tumor tissues.

Anti–PD-1/PD-L1 antibodies have become the most widely pre-
scribed cancer immunotherapy. However, immune-related adverse
events sometimes cause damage and can be lethal in severe cases if not
treated properly. Our present study suggested that the dosing time-
dependent change in the antitumor effects of BMS-1 is, at least in part,
due to the PD-1 expression rhythm on TAMs. On the other hand, a
previous report (50) and analysis of the circadian expression profiles
database also indicated that the expression of theCd274 gene, encoding
PD-L1, exhibits circadian oscillation, with a peak in the light period in
the normal liver and lung of mice. The rhythmic phase of PD-L1
expression is nearly opposite to the PD-1 expression rhythm in TAMs,

suggesting that administration of a PD-1/PD-L1 inhibitor during
the dark phase can prevent or attenuate immune-related adverse
events, but further studies are required to investigate the dosing
time dependency of PD-1/PD-L1 inhibitor–induced immune-
related adverse events.

As a variety of immune functions are under the control the circadian
clock, alteration of the circadian machinery of immune cells leads to
pathologic states (24). However, disruption of the circadian control of
immune-cell functions in the tumor microenvironment by inhibiting
PD-1/PD-L1 interactions will be detrimental to the growth of cancer
cells. Therefore, selecting the most appropriate dosing time of PD-1/
PD-L1 inhibitors may aid in developing cancer immunotherapy with
maximized efficacy and minimal adverse events.
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