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A MyD88/IL1R Axis Regulates PD-1 Expression on
Tumor-Associated Macrophages and Sustains Their
Immunosuppressive Function in Melanoma
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ABSTRACT
◥

Macrophages are critical mediators of tissue homeostasis, cell
proliferation, and tumor metastasis. Tumor-associated macro-
phages (TAM) are generally associated with tumor-promoting
immunosuppressive functions in solid tumors. Here, we examined
the transcriptional landscape of adaptor molecules downstream of
Toll-like receptors in human cancers and found that higher expres-
sion of MYD88 correlated with tumor progression. In murine
melanoma, MyD88, but not Trif, was essential for tumor progres-
sion, angiogenesis, and maintaining the immunosuppressive phe-
notype of TAMs. In addition, MyD88 expression in myeloid cells
drove melanoma progression. TheMyD88/IL1 receptor (IL1R) axis
regulated programmed cell death (PD)-1 expression on TAMs by
promoting recruitment of NF-kBp65 to the Pdcd1 promoter.
Furthermore, a combinatorial immunotherapy approach combin-
ing the MyD88 inhibitor with anti–PD-1 blockade elicited strong
antitumor effects. Thus, theMyD88/IL1R axismaintains the immu-
nosuppressive function of TAMs and promotes tumor growth by
regulating PD-1 expression.

Significance:These findings indicate thatMyD88 regulates TAM-
immunosuppressive activity, suggesting that macrophage-mediated

immunotherapy combining MYD88 inhibitors with PD-1 blockade
could result in better treatment outcomes in a wide variety of
cancers.

Graphical Abstract http://cancerres.aacrjournals.org/content/
canres/81/9/2358/F1.large.jpg

MyD88/IL1R signaling in TAMs suppresses activation of CD8+ T cells in the TME, driving immunosuppression and tumor progression.
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Introduction
Tumor-tissue myeloid cells play important roles in both antitumor

immunity and tumor progression. These myeloid cells are actively
recruited into the tumors to accelerate tumor progression by inter-
acting with the tumor microenvironment (TME). Tumor-associated
macrophages (TAM) can promote growth by suppressing effector
T-cell responses to tumor cells (1, 2). These TAMs are considered
phenotypically and functionally distinct from tissue-resident macro-
phages (3). Recent studies have demonstrated that the TME can
influence the gene expression program of TAMs to maintain their
immunosuppressive functions (2, 4, 5). It has long been known that in

human solid tumors, high macrophage infiltration is associated with
poor prognosis (6, 7). These observations led to the largely accepted
view that the presence of TAMs correlates with poor prognosis in
human cancers. Depending upon the stimulus, these TAMs can
polarize toward an inflammatory “M1” or pro-tumor “M2” state (8).

The receptor programmed cell death 1 (PD-1) is known to be highly
expressed by tumor-specific cytotoxic T lymphocytes and has been
well studied in the context of malignancies associated with impaired
T-cell function (9, 10). Growing evidence suggests that PD-1 is also
expressed on TAMs and that these PD-1þ TAMs express an M2-like
tumor-promoting phenotype, whereas PD-1� TAMs showmore of an
M1-like inflammatory phenotype (11). Given that M2-like TAMs
create an immunosuppressive microenvironment at the tumor site,
they may serve as a potential therapeutic target in cancer (12).

Toll-like receptors (TLR) and their downstream intracellular adap-
tor molecules have been explored widely in the context of inflamma-
tion and tumorigenesis (13, 14). One of the adaptor molecules MyD88
associates with all TLRs, with the exception of TLR3, as well as with all
receptors for the IL1 family of cytokines (13, 14). In addition to its role
in promoting sterile inflammation in inflammatory skin disease
models (15, 16), MyD88-dependent signaling regulates the expression
of several genes responsible for intestinal tumorigenesis and plays a
critical role in both spontaneous and carcinogen-induced tumor
development (17, 18). MyD88 was also found to prevent lesion
formation in a mouse model of colitis-associated cancer as a result
of altered colonic homeostasis (19). MyD88 has been shown to play a
cell-autonomous role in Ras-mediated transformation via its
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interaction with the canonical MAP kinase ERK (20). Similar to
MyD88, the involvement of IL1 receptor (IL1R) signaling in inflam-
mation and tumorigenesis has also been studied extensively (21).
Dysregulation of the IL1R signaling pathway is often associated with
human malignancies, such as breast cancer, glioma, and hepatic
cancer (22–24). The CANTOS clinical trial has also suggested the
involvement of IL1b in the incidence of lung cancer and lung cancer
mortality in addition to its role in inflammation (25). Despite their
well-studied roles in innate immunity and inflammation, how IL1R
and MyD88 signaling regulates the function of TAMs in modulating
tumorigenesis is not yet known.

In the present study, we examined the transcriptional landscape of
intracellular adaptors of TLRs in human cancers and found that
human MYD88 expression correlated with tumor progression. In
addition, usingwell-establishedmousemodels ofmelanoma and colon
carcinoma, we found that mouse MyD88 was essential for tumor
progression and angiogenesis. Interestingly, MyD88 deficiency led to
impaired recruitment of F4/80þCD11bþ macrophages into the
tumors. These observations led us to examine how MyD88 regulates
the recruitment of F4/80þCD11bþ macrophages in the TME and the
underlying mechanism for tumor progression. By deleting MyD88
specifically in the myeloid compartment, we showed that MyD88
expression in TAMs is important to drive PD-1 expression and reduce
infiltration of CD8þ T cells in the TME, possibly regulating melanoma
growth. Amacrophage suppression assay further confirmed that these
tumor-polarized wild-type (WT) macrophages exerted immunosup-
pressive effects onCD8þT cells that can be rescued in tumor-polarized
MyD88�/� or Il1r�/�macrophages. Mechanistically, we found that in
macrophages the IL1R/MyD88 axis promoted the recruitment of NF-
kBp65 to the CR–C region of the Pdcd1 promoter. Combining the
MyD88 inhibitor (MyD88i) with anti–PD-1 blockade resulted in
improved outcomes compared with MyD88i treatment alone. Taken
together, MyD88, an intracellular adaptor protein downstream of
IL1R, maintains the immunosuppressive functions of TAMs and
promotes tumor growth by regulating PD-1 expression.

Materials and Methods
Mice

MyD88�/� (26), Il1r�/� (27), Il1b�/� (28), and Trif�/� (29) mutant
mice have been described previously.MyD88fl/fl mice were purchased
from The Jackson Laboratory (30). MyD88fl/flLysMCreþ mice were
generated by crossingMyD88fl/fl mice with LysMCreþ (31) mice. Male
and female 6–12-week-old mice (littermates) were used in this study
unless otherwise mentioned. All mice were kept in specific pathogen-
free conditions within the Animal Resource Center at St. Jude Chil-
dren’s Research Hospital. All the animal studies were approved by the
Institutional Animal Care and Use Committee of St. Jude Children’s
Research Hospital, Memphis, TN. All the methods were performed in
strict accordance with the relevant guidelines and regulations.

Cell lines
The mouse melanoma cell line B16-F10 (ATCC CRL-6475)

and MC38 colon adenocarcinoma cell line (Kerafast #ENH204)
were a kind gift from Osamu Takeuchi (Kyoto University, Japan).
Mycoplasma detection was performed in Dr. Takeuchi’s laboratory by
fixing the cells in an ice-cold mixture of acetic acid and methanol
(freshly prepared 1:3 ratio) followed by DNA staining (Hoechst
33258). Cells were cultured right away upon receipt, and stocks were
kept in liquid nitrogen. Cells were thawed and passaged 3–4 times
before experiments. All cells were cultured in a humidified 5% CO2

incubator at 37�C, and grown in DMEM with 10% FBS and
100U/mL penicillin/streptomycin (Life Technologies).

Tumor model
Male and female 6–12-week-old mice were shaved on their lower

back and engrafted with B16-F10 melanoma cells or MC38 colon
adenocarcinoma cells by subcutaneously injecting 1� 106 cells in
200mL PBS. Tumors were used for flow cytometry and IHC at the
end point of the experiment (day 15). Tumors were measured with
digital calipers, and tumor volume was calculated using the formula:
volume ¼ (length � width2) � 1/2.

Histopathology
Formalin-fixed tumors were processed and embedded in paraffin by

standard techniques, sectioned at 4 mm, mounted on positively
charged glass slides (Superfrost Plus; Thermo Fisher Scientific), and
dried at 60�C for 20 minutes. The two different antibodies used to
detect macrophages were anti-Iba1 (1:300 dilution, CP290A; Biocare
Medical, RRID:AB_10578940) and a rat monoclonal anti-F4/80
(1:500, clone BM8; Thermo Fisher Scientific, RRID:AB_1548747). All
sections were examined by a pathologist blinded to the experimental
group assignments. All images were acquired using light microscopy
(Nikon Eclipse Ni Widefield Microscope).

Flow cytometry
Antibodies against F4/80 (BM8; RRID:AB_893481); CD45 (30-F11;

RRID:AB_312973); Gr-1 (RB6–8C5; RRID:AB_313370); Ly-6C
(HK1.4; RRID:AB_1186133); Ly-6G (1A8; RRID:AB_1877163); CD3e
(145–2C11; RRID:AB_312671); B220 (RA3–6B2; RRID:AB_312996);
CD4 (RM4–5/GK1.5; RRID:AB_312715); CD8 (53–6.7; RRID:
AB_312751); CD62L (MEL–14; RRID:AB_313094); CD44 (IM7;
RRID:AB_312963); CD69 (H1.2F3; RRID:AB_313111); CD19 (1D3;
RRID:AB_2629816); NK1.1 (PK136; RRID:AB_313394); CD279/
PD-1 (29F.1A12; RRID:AB_10680238); CD274/PD-L1 (10F.9G2;
RRID:AB_2073556); and IFNg (XMG1.2; RRID:AB_315399) were
purchased from BioLegend. The antibody against CD11b (M1/70;
RRID:AB_1582236) was purchased from Invitrogen. Single-cell sus-
pensions were prepared from the spleen by passing through a cell
strainer to remove cell debris. To deplete the red blood cells, an equal
volume of ACK red blood cell lysis buffer was added to the cells and
incubated at room temperature for 5 minutes. For staining, cells were
washed in ice cold flow cytometry buffer [0.5% (vol/vol) FCS and
2 mmol/L EDTA in PBS, pH 7.5], then incubated with each antibody
for 30 minutes, washed twice, and resuspended in an appropriate
volume of flow cytometry buffer. Tumors were harvested, dissociated
with scissors, and thendigestedwith 10mLHBSS containing 10mg/mL
DNase I (Sigma; #D4527) and 25mg/mL Liberase (LIBTM-RO Roche;
#5401119001) for 40minutes at 37�C with continuous shaking. After
dissociation, tumor suspensions were filtered through a 40-mm filter,
put on ice, washed with cold PBS, and resuspended in flow cytometery
buffer. Cells were blocked with anti-mouse CD16/32 antibody (2.4G2;
BD Biosciences; RRID:AB_394656) for 15 minutes on ice, before
being stained with the antibody panel below. For cell sorting of
F4/80þCD11bþ TAMs, a single cell suspension of whole tumor
was stained with antibodies specific for mouse CD45, CD3, B220,
NK1.1, F4/80, and CD11b. The cells were sorted as live,
CD45þCD3�B220�NK1.1�F4/80þCD11bþ (TAMs) on Reflection
(i-Cyt) at the Core Instrumentation Facility of the Department of
Immunology at St. Jude Children’s Research Hospital. For staining of
BMDMs, 2 � 106 cells were stained for anti–CD279/PD-1 and
anti–CD274/PD-L1. Flow cytometry data were acquired on the LSR
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Fortessa or LSR II (BD Biosciences) and analyzed using Flowjo
software (Tree Star; RRID: SCR_008520).

ELISA
ELISA was performed on the serum samples collected from tumor-

bearing mice according to the manufacturer’s instructions using the
MAGPMAG-24K kit (Millipore).

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed by using

the EZ-Magna ChIP assay kit (Millipore; 17–10086) as described
elsewhere with little modification (32). Briefly, BMDMs (5 � 106

cells) were cocultured with B16-F10melanoma cells for 48 hours using
Transwell plates (Costar, Corning) and were fixed with 1% formal-
dehyde (Sigma; F8775) for 10minutes at 37�C. Cells were then washed
twice with ice-cold PBS and resuspended in the lysis buffer supplied
with the kit. Lysates were sonicated using the ultrasonicator (Covaris
S2) to obtain DNA fragments with a peak in size between 150 and
300 bp. Lysates precleared with the protein A/G beads (provided with
the kit) were incubated with anti–NF-kBp65 (D14E12) XP (Cell
Signaling Technology, #8242; RRID:AB_10859369) or normal mouse
IgG (negative control; providedwith the kit) and immune-precipitated
at 4�Covernight. Beadswerewashed oncewith low salt buffer, high salt
buffer, LiCl wash buffer, and twice with TE buffer. Immune complexes
were extracted with elution buffer containing proteinase K for 2 hours
at 62�C followed by a 10-minute incubation at 95�C. DNA was then
purified using spin columns provided with the kit. The purified DNA
was quantified and used for qPCR analysis to assess the presence of
target sequences. Quantitative RT-PCR was performed with SYBR
green qPCR mix (4368706; Applied Biosystems) in an Applied Bio-
systems 7500. Primers used for amplifying the CR-C region of the
Pdcd1 promoter, were published previously (33). ChIP values were
normalized against the input and expressed as relative enrichment of
the material precipitated by the indicated antibody on the Pdcd1
promoter [relative quantification using the comparative Ct method
(2�DDCt)]. Error bars indicate mean � standard deviation. The results
are representative of at least two independent experiments.

Quantitative PCR analysis
Total RNA was extracted using TRIzol (15596026; Thermo Fisher

Scientific) and converted into cDNA by using the High-Capacity cDNA
Reverse Transcription Kit (4368814, Applied Biosystems). Real-time
quantitative PCR was performed on an Applied Biosystems 7500 real-
time PCR instrument with 2� SYBR Green (4368706; Applied Biosys-
tems).Todetermine the relative inductionof cytokinemRNAin response
to various stimuli, the mRNA expression level of each gene was nor-
malized to the expression level of Gapdh mRNA. The following primer
pairs were used for quantitative PCR analysis: MmPdcd1 (Cd279)
forward, 50-CGGTTTCAAGGCATGGTCATTGG-30, and reverse, 50-
TCAGAGTGTCGTCCTTGCTTCC-30; MmPdcd1lg1 (Cd274) forward,
50-TGCGGACTACAAGCGAATCACG-30, and reverse, 50-CTCAGC-
TTCTGGATAACCCTCG-30; MmGapdh forward, 50-CGTCCCGTA-
GACAAAATGGT-30, and reverse, 50-TTGATGGCAACAATCTC-
CAC-30. Error bars indicate mean � standard deviation. The results are
representative of at least two independent experiments.

Macrophage B16 coculture assay
Macrophages (1� 106) from WT, MyD88�/�, Il1r�/� or Trif�/�

mice were treated with LPS (Invivogen; #tlrl-smlps) or recombinant
IFNg (Peprotech; #315–05) for 4 hours or cocultured with 1� 106

B16 tumor cells in a 12-well transwell plate (Corning #3401) for

48 hours. PD-1 and PD-L1 expressions were measured by flow
cytometry.

Macrophage suppression assay
Macrophages (1� 106) from WT,MyD88�/� or Il1r�/� mice were

cocultured with 1� 106 B16 tumor cells in a 12-well transwell plate for
48 hours. Sort-purified splenic CD8þ T cells from WT mice were
plated at a density of 1� 106 cells together with tumor cell polarized
macrophages and stimulated with anti-CD3 (5 mg/mL) and anti-CD28
(1 mg/mL). Intracellular expression of IFNg on these CD8þ T cells was
assessed by flow cytometry after 2 days.

Analysis of The Cancer Genome Atlas expression data
Gene expression data (FPKM) for MYD88, TIRAP, TICAM1 and

TICAM2 were downloaded from The Cancer Genome Atlas (TCGA)
and analyzed by two-way ANOVA in GraphPad Prism v7.0. Differ-
ences were considered statistically significant when P < 0.05. ns, not
significant; �, P < 0.05; ��, P < 0.01; ���, P < 0.001; ����, P < 0.0001.

Microarray data analysis
Transcripts were profiled for TAMs obtained from WT and

MyD88�/� mice. Total RNA (100 ng) was converted into biotin-
labeled cDNA by using an Affymetrix Whole Transcript Plus Expres-
sion kit (Thermo Fisher Scientific, 902281) and was hybridized to an
Affymetrix Clariom S Mouse Genechip Array (Thermo Fisher Scien-
tific, 902930). After chips were stained and washed, array signals were
normalized and transformed into log2 transcript expression values by
using the robust multi-array average algorithm (Affymetrix Expres-
sion Console v1.1; ref. 34). Differential expression was defined by
application of a threshold of FDR < 0.1 using the Cyber-T t test (35).
Lists of differentially expressed transcripts were analyzed for “func-
tional enrichment” by using the DAVID bioinformatics database (36)
and Ingenuity Pathways Analysis software (QIAGEN). Pathways
with altered activity levels were identified by using the gene set
enrichment analysis (GSEA; ref. 37) with curated pathways obtained
from The Broad Institute (http://software.broadinstitute.org/gsea/
msigdb/index). Gene expression data generated in this study have
been deposited in NCBI’s Gene Expression Omnibus (GEO) and is
accessible through GEO Series accession number GSE137046. Micro-
array datasets generated from human melanoma and normal skin
samples [GSE15605 (38); GSE7553 (39); GSE46517 (40)] were down-
loaded from the GEO repository (www.ncbi.nlm.nih.gov/geo/). Indi-
vidual expression profiles (log2 signal) forMYD88 and TICAM1 were
extracted from each dataset and investigated for differential expression
between normal skin and primary melanoma by using theWelch t test
(GraphPad Prism software, v7.0).

MyD88-inhibitor and anti–PD-1 treatment
For in vivo treatment, mice were treated with intratumor delivery of

500 mmol/L of MyD88i (Novus Biologicals; NBP2–29328) or antenna
peptide or 15 mg/kg InVivoPlus anti-mouse PD-1 (clone RMP 1–14;
Bio X Cell; RRID:AB_10949053) resuspended in PBS on days 3, 7, and
10 after tumor injection. For combination immunotherapy, anti-
mouse PD-1 was used at a concentration of 15 mg/kg along with
MyD88i resuspended in PBS on days 3, 7, and 10 after tumor injection.

Statistical analysis
All results are presented as mean � standard deviation. Statistical

analysis between multiple samples was performed using the two-way
ANOVA with Sidak, Tukey, or Dunnett multiple comparison test or
one-way ANOVA with Dunnett multiple comparison test. qPCR data
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were analyzed by the unpaired t test withWelch correction orKruskal–
Wallis test. All the analysis was done using GraphPad Prism software
(version 7.0; RRID:SCR_002798). No statistical methods were used to
predetermine sample size. Differences were considered statistically
significant when P < 0.05. ns, not significant; �, P < 0.05; ��, P < 0.01;
���, P < 0.001; ����, P < 0.0001.

Results
Transcriptional landscape of MYD88 expression in human
cancers

TCGA project covers the genome-wide effect of individual genes on
tumor growth (41). Understanding the genomic mutations in tumors
is helping to improve patient diagnostics and treatment outcomes. To
this end, the human pathology atlas provides a comprehensive data-
base to explore the prognostic role of each protein-coding gene in
different cancers (ref. 42; https://www.proteinatlas.org/humanpro
teome/pathology). Given that the role of TLRs and IL1Rs has been
extensively studied in various cancers, we investigated the human
pathology atlas to understand the expression patterns of all four
adaptors MYD88, TIRAP, TICAM1, and TICAM2, that act down-
stream of TLRs in the most frequently occurring cancers. Among all
the cancers we analyzed (melanoma, breast, colorectal, ovarian, lung,
and stomach cancer), we found MYD88 to be the most highly
expressed compared with the other adaptors for TLRs (Fig. 1A;
Supplementary Table S1).

Melanoma is regarded as a serious form of skin cancer originating in
melanocytes, and it is considered dangerous because of its ability to
rapidly spread to other organs if not treated at an early stage. Because
we observed that in addition to MYD88, TICAM1 was also expressed
highly among all the cancers analyzed, we investigated the profiles of
these adaptors in published microarray studies of human normal skin
and primary melanoma tissues (38–40). Within each study, we found
that MYD88 was consistently expressed at a higher level in primary
melanoma than in normal tissue (Fig. 1B). However, TICAM1
(Fig. 1C) was not observed to be differentially expressed between
tumor and normal samples. These results indicate that MYD88 is
highly expressed across a broad range of different cancer types, and
that MYD88 expression levels tend to be higher than those of other
adaptor molecules downstream of TLRs. Furthermore, in several
human melanoma studies, MYD88 showed increased expression in
primary tumors compared with normal tissue, suggesting thatMYD88
expression might be associated with melanoma progression.

MyD88 promotes melanoma tumor progression by regulating
TAM infiltration and angiogenesis

Based on the expression differences observed between MYD88 in
primary melanoma and normal skin, we further investigated whether
deletion of MyD88 affected tumorigenicity in vivo by using a mouse
tumor model. In an acute solid tumor model, 1 � 106 B16-F10
melanoma cells were subcutaneously injected into WT and
MyD88�/� mice; mice were monitored for 2 weeks for tumor growth.
We found thatMyD88�/�mice exhibited significantly impaired tumor
growth and tumorweight comparedwithWTmice (Fig. 2A–C). Given
that the presence of TAMs correlates with poor prognosis in human
cancers, we performed IHC on tumors harvested fromMyD88�/� and
WTmice. IHC staining showedmassive infiltration of F4/80þmyeloid
cells in the tumor tissues inWTmice (Fig. 2D). This infiltration of F4/
80þ cells was substantially ameliorated in the tumors harvested from
MyD88�/� mice (Fig. 2D). Next, we performed staining for the pan-
macrophagemarker Iba-1, and, consistent with what we observedwith

the F4/80þ staining, tumors from WT mice showed increased
infiltration of Iba-1þ cells, which was drastically reduced in the tumors
from MyD88�/� mice (Fig. 2E).

Because Trif is a mouse homologue of human TICAM1, we next
subcutaneously injected 1� 106 B16-F10melanoma cells intoWT and
Trif�/� mice. Trif�/� mice did not show any difference in the tumor
development and tumor weight compared with WT mice (Supple-
mentary Fig. S1A–S1C). Consistent with having no defect in the tumor
growth, IHC staining showed comparable levels of infiltration by
F4/80þ myeloid cells in the tumors harvested from WT and Trif�/�

mice (Supplementary Fig. S1D), suggesting that the reduced tumor
growth phenotype we had observed inMyD88�/�mice was specific to
MyD88.

To check the extent of immune cell infiltration, we subjected the
tumor samples to flow cytometry analysis. Cellular analysis showed
higher levels of F4/80þCD11bþmacrophage cell infiltration in tumors
from WT mice than in those from MyD88�/� mice (Fig. 2F and G).
Melanomas are considered less-immunogenic than other tumors, with
minimal CD8þ T-cell infiltration. Consistent with this, we found that
tumors from WT mice showed low levels of CD3þCD8þ T-cell
infiltration; however, MyD88�/� mice showed an increase in the
CD3þCD8þ T-cell population (Fig. 2H and I). A subtle defect in the
recruitment of the Gr1þCD11bþ granulocyte population was also
observed in the tumors from MyD88�/� mice, but no difference was
seen in the B220þ (B cells) and NK1.1þ (NK) cell populations
compared with the tumors from WT mice (Supplementary
Fig. S2A and S2B). Because the spleen has been identified as a reservoir
of immune cells that can play a significant role in the inflammatory
response that follows acute injury (43), we analyzed the immune cell
population in spleens from tumor-bearing WT and MyD88�/� mice.
As shown in Supplementary Fig. S2C–S2H, no significant differences
were observed between myeloid, B-, or overall T-cell populations in
WT and MyD88�/� mice. In contrast, the CD3þCD8þ T-cell popu-
lation was slightly increased in the spleens harvested from tumor-
bearing MyD88�/� mice compared with WT mice (Supplementary
Fig. S2I and S2J). These T cells analyzed from tumor-bearingMyD88�/�

mice tended to be more activated compared with those fromWTmice
(Supplementary Fig. S2K and S2L).

We next investigated the effect of MyD88 deletion on angiogenesis,
a process necessary to ensure a sufficient supply of oxygen and
nutrients for expanding solid tumors. We measured the levels of
VEGFA and angiopoietin-2 in the serum from the tumor-bearing
WT, MyD88�/� and Trif�/� mice. Although the production of
VEGFA and angiopoietin-2 were comparable between WT and
Trif�/� mice, MyD88�/� mice produced significantly less VEGFA
and angiopoietin-2 (Fig. 2J), implying that the process of angiogenesis
is altered in the absence of MyD88. Collectively, these results suggest
that MyD88 signaling promotes tumor progression by driving the
infiltration of TAMs in the TME, possibly suppressing CD8þ T-cell
recruitment and activation in addition to angiogenesis in melanoma-
bearing mice.

MyD88 regulates PD-1/PD-L1 expression on TAMs
The receptor PD-1 is one of the best-studied and clinically most

successful immune checkpoint drug targets, and its primary function is
widely understood in the context of T cells. However, recent studies
suggest that in addition to T cells, the TAMs also express PD-1 (11).
Wehypothesized that the tumor phenotype observed in theMyD88�/�

mice could be due to a defect in the PD-1 expression on these TAMs.
To assess the expression of PD-1, we performed PD-1 staining on the
TAMs harvested from WT, MyD88�/� and Trif�/� mice. In
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accordance with the previous reports, TAMs harvested fromWTmice
expressed both PD-1 and PD-L1 (Fig. 3A).MyD88�/� TAMs showed
reduced expression of PD-1 and PD-L1 (Fig. 3A). On the contrary,
TAMs harvested from Trif�/� mice did not show any reduction in
PD-1 or PD-L1 expressionwhen comparedwith TAMs fromWTmice
(Fig. 3B).

To comprehensively examine the effect of MyD88 deficiency in
F4/80þCD11bþ TAMs, we sort purified F4/80þCD11bþmacrophages
from the tumors of WT and MyD88�/� mice (gating strategy; Sup-
plementary Fig. S3) and examined the genome-wide changes in gene
expression bymicroarray analysis. As anticipated, all themajor NF-kB
and IL1R target pathways (Fig. 3C, GSEA panels) and genes (Fig. 3D,
heatmap of NF-kB and IL1 genes) were downregulated in TAMs
harvested from B16 tumor-transplanted MyD88�/� mice compared
with those from WT mice. Among the gene ontology biological
processes, myeloid-leukocyte migration, acute inflammatory

responses, NF-kB transcription factor activity and IL1b production
were highly downregulated (normalized enrichment score < �2 and
FDR q value < 0.001; Fig. 3E). Because we observed a decrease in PD-1
and PD-L1 expression on the F4/80þCD11bþ TAMs fromMyD88�/�

mice, we looked for a corresponding decrease in transcript levels based
on the microarray data. Consistent with the flow cytometry analysis,
F4/80þCD11bþ TAMs harvested from WT mice showed robust
expression of Pdcd1l1, and this expression was substantially reduced
in TAMs from MyD88�/� mice (Fig. 3F). However, the microarray
data did not provide any insight into Pdcd1 expression, as the probe
signals for all TAM samples were the same as background measure-
ments (Fig. 3F). Therefore, we performed qPCR to directly assess
Pdcd1 and Pdcd1l1 transcription in WT and MyD88�/� TAMs. The
qPCR data confirmed the microarray results, showing a significant
reduction in Pdcd1l1 expression in MyD88�/� TAMs compared with
WT (Fig. 3G). Furthermore, MyD88�/� TAMs also showed

Figure 1.

Transcriptional landscape of MYD88
expression in human cancers. A, Expres-
sion profiles of MYD88, TIRAP, TICAM1,
and TICAM2 in six human cancers.
Expression data (FPKM) were down-
loaded from TCGA and analyzed by
two-way ANOVA with Tukey multiple
comparison test (���� , P < 0.0001). B
and C, Comparison of expression of
MYD88 (B) and TICAM1 (C) between
normal skin and primary melanoma
tumors. Microarray data from three sep-
arate studies [dataset I (38), dataset II
(40), dataset III (39)] were downloaded
from GEO, and individual gene profiles
were analyzed within each study using a
two-tailed Welch t test.
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Figure 2.

MyD88 promotes tumor progression by regulating TAM infiltration and angiogenesis. A–C, B16-F10 melanoma cells were injected into WT and MyD88�/� mice.
A,Mean tumor volume inWT (n¼ 15) andMyD88�/� (n¼ 18) mice. B, Tumor weights ofWT (n¼ 15) andMyD88�/� (n¼ 18) mice, 2 weeks after tumor cell injection.
C, Representative pictures of tumors from WT and MyD88�/� mice. D and E, Representative images from IHC staining of tumors harvested from WT (n ¼ 6) and
MyD88�/� (n¼ 6) mice stained with anti-F4/80 (D) and anti–Iba-1 (E) . Scale bar, 100 mm. F–I, Flow cytometry analysis of tumors harvested fromWT (n¼ 14) and
MyD88�/� (n ¼ 16) mice. F, Pseudocolor plots of F4/80þCD11bþ macrophage infiltration in tumors. G, Quantification of F4/80þCD11bþ macrophage infiltration in
tumors. H, Pseudocolor plots of CD3þCD4þ and CD3þCD8þ T-cell infiltration in tumors. I, Quantification of CD3þCD4þ and CD3þCD8þ T-cell infiltration in tumors.
J, Quantification of VEGFA and angiopoietin-2 by ELISA in the serum harvested from tumor-bearing WT (n ¼ 15), MyD88�/� (n ¼ 15), and Trif�/� (n ¼ 15) mice.
Data are presented as mean� SD. Two-way ANOVA with Sidak multiple comparison test (A), unpaired t test with Welch correction (B, G, and I), and one-way
ANOVAwith Dunnett multiple comparison test (J) were used to determine the significance between the groups analyzed. ns, not significant; � , P < 0.05; ��, P < 0.01;
���� , P < 0.0001.
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Figure 3.

MyD88 regulates PD-1/PD-L1 expression on TAMs. A, Flow cytometry analysis of PD-1 and PD-L1 expression on F4/80þCD11bþ TAMs in tumors harvested from WT
and MyD88�/� mice. B, Flow cytometry analysis of PD-1 and PD-L1 expression on F4/80þCD11bþ TAMs in tumors harvested from WT and Trif�/� mice. C, Altered
pathway activity in MyD88�/� TAMs. TAM profiles from WT and MyD88�/� mice were analyzed by GSEA. Hallmark pathways with FDR < 0.05 showing inhibition
(blue) or activation (red) are shown by the normalized enrichment score (NES). D, Inhibition of key inflammatory genes in MyD88�/� TAMs. Microarray profiles
(z-score) of NF-kB– and IL1–responsive genes are shown for WT andMyD88�/� TAMs. E, Inhibition of gene ontology (GO) biological processes inMyD88�/� TAMs.
Myeloid-leukocytemigration, acute inflammatory responses, NF-kB transcription factor activity, and IL1bproduction enrichment plots (normalized enrichment score
<�2 and FDR q value < 0.001 inMyD88�/� TAMs compared with WT TAMs). F, Expression profile of Pdcd1 and Pdcd1l1 inMyD88�/� TAMs. Profiles were compared
between WT and MyD88�/� samples by ANOVA, and P values are reported in the figure. G, Quantitatve PCR analysis of Pdcd1 and Pdcd1l1 mRNA expression in
F4/80þCD11bþ TAMs sorted fromWT (n¼ 6) andMyD88�/� (n¼ 6)mice. All sampleswere normalized to the expression of the endogenous controlGapdh. Data are
presented as mean� SD. Unpaired t test, with Welch correction was used to determine the statistical significance; � , P < 0.05.
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Figure 4.

IL1R signaling in TAMs drives PD-1/PD-L1 expression in melanoma.A andB, B16-F10melanoma cells were injected intoWT and Il1r�/�mice.A,Mean tumor volume in
WT (n¼ 10) and Il1r�/� (n¼ 10) mice. B, Tumor weights ofWT (n¼ 10) and Il1r�/� (n¼ 10) mice, 2 weeks after tumor cell injection. C andD, B16-F10 melanoma cells
were injected into WT and Il1b�/�mice. C,Mean tumor volume in WT (n¼ 10) and Il1b�/� (n¼ 10) mice. D, Tumor weights of WT (n¼ 10) and Il1b�/� (n¼ 10) mice,
2weeks after tumor cell injection. E–H, Flow cytometry analysis of tumors harvested fromWT (n¼ 10), Il1r�/� (n¼ 10), and Il1b�/� (n¼ 10)mice. E,Pseudocolor plots
of F4/80þCD11bþ macrophage infiltration in tumors. F, Quantification of F4/80þCD11bþ macrophage infiltration in tumors. G, Pseudocolor plots of CD3þCD4þ and
CD3þCD8þ T-cell infiltration in tumors. H, Quantification of CD3þCD4þ and CD3þCD8þ T-cell infiltration in tumors. I–L, Flow cytometry analysis of PD-1 and PD-L1
expression on F4/80þCD11bþ TAMs in tumors harvested fromWT (n¼ 10), Il1r�/� (n¼ 10), and Il1b�/� (n¼ 10) mice. I, Histogram of PD-1 expression. J,MFI of PD-1
expression from TAMs. K, Histogram of PD-L1 expression. L, MFI of PD-L1 expression from TAMs. M and N, Quantitatve PCR analysis of Pdcd1 (M) and Pdcd1l1 (N)
mRNA expression in F4/80þCD11bþ TAMs sorted from WT (n ¼ 6), Il1r�/� (n ¼ 6), and Il1b�/� (n ¼ 6) mice. All samples were normalized to the expression of
the endogenous control Gapdh. Data are presented as mean� SD. Two-way ANOVA with Sidak multiple comparison test (A and C), unpaired t test with Welch
correction (B,D,M,N), and Kruskal–Wallis test (F,H, J, L) were used to determine the statistical significance. ns, not significant; � , P < 0.05; ��, P < 0.01; ��� , P < 0.001;
���� , P < 0.0001.
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Figure 5.

MyD88 inmyeloid cells is sufficient to promotemelanoma progression.A–C,B16-F10melanoma cellswere injected intoWT,MyD88Ctrl, andMyD88DMyemice.A,Mean
tumor volume inWT (n¼ 7),MyD88Ctrl (n¼ 7), andMyD88DMye (n¼ 7)mice.B, Tumorweights ofWT (n¼ 7),MyD88Ctrl (n¼ 7), andMyD88DMye (n¼ 7)mice, 2weeks
after tumor cell injection. C, Representative pictures of tumors from WT, MyD88Ctrl, and MyD88DMye mice. D–G, Flow cytometry analysis of tumors harvested from
MyD88Ctrl (n ¼ 9) and MyD88DMye (n ¼ 13) mice. D, Pseudocolor plots of F4/80þCD11bþ macrophage infiltration in tumors. E, Quantification of F4/80þCD11bþ

macrophage infiltration in tumors. F, Pseudocolor plots of CD3þCD4þ and CD3þCD8þ T-cell infiltration in tumors. G, Quantification of CD3þCD4þ and CD3þCD8þ

T-cell infiltration in tumors. H, Flow cytometry analysis of PD-1 and PD-L1 expression on F4/80þCD11bþ TAMs in tumors harvested from MyD88Ctrl and MyD88DMye

mice. I, Quantitatve PCR analysis of Pdcd1 and Pdcd1l1 mRNA expression in F4/80þCD11bþ TAMs sorted from MyD88Ctrl (n ¼ 6) and MyD88DMye (n ¼ 6) mice. All
samples were normalized to expression of the endogenous controlGapdh. Data are presented as mean� SD. Two-way ANOVAwith Sidak multiple comparison test
(A) and unpaired t test with Welch correction (B, E, G, and I) were used to determine the statistical significance. ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P <
0.001; ���� , P < 0.0001.
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Figure 6.

MyD88 promotes tumor progression in a syngeneic MC38 colon carcinoma tumor model by regulating TAM infiltration. A, MC38 colon adenocarcinoma cells
were injected intoWT (n¼ 10),MyD88�/� (n¼ 13), and Il1r�/� (n¼ 15) mice, andmean tumor volumewasmeasured.B, Flow cytometry analysis (pseudocolor plots)
of F4/80þCD11bþ macrophage infiltration in tumors harvested fromWT,MyD88�/�, and Il1r�/�mice. C, Flow cytometry analysis (histogram) of PD-1 expression on
F4/80þCD11bþTAMs in tumors harvested fromWT,MyD88�/� and Il1r�/�mice.D andE,Flow cytometry analysis (histogram)of CD69 (D) andPD-1 (E) expression on
CD3þCD8þ T cells in tumors harvested fromWT,MyD88�/�, and Il1r�/�mice. Data are presented asmean� SD.A, Two-wayANOVAwith Sidakmultiple comparison
test was used to determine the significance between the two groups analyzed. ns, not significant; � , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001.
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Figure 7.

IL1R/MyD88 axis controls recruitment of NF-kB to the PD-1 promoter.A andB, Flow cytometry analysis ofWTBMDMs stimulatedwith LPS or IFNg or coculturedwith
B16-F10melanoma cells.A,Histogram of PD-1 expression on BMDMs. B,Histogram of PD-L1 expression on BMDMs. C andD, Flow cytometry analysis of BMDMs from
WT,MyD88�/�, Il1r�/�, and Trif�/�mice cocultured with B16-F10 melanoma cells for 48 hours. C, Histogram of PD-1 expression on BMDMs. D,Quantification of PD-1
expression on BMDMs. E and F, Macrophage suppression assay. E, Flow cytometry analysis of IFNg expression on activated CD3þCD8þ T cells from WT mice
cocultured with B16-F10 polarized macrophages from WT (n ¼ 5), MyD88�/� (n ¼ 5), and Il1r�/� (n ¼ 5) mice. F, Quantification of IFNg expression on CD3þCD8þ

T cells.G,Quantitatve PCR analysis of Pdcd1mRNA expression in BMDMs fromWT,MyD88�/�, and Il1r�/�mice coculturedwith B16-F10melanoma cells for 48 hours.
All samples were normalized to expression of the endogenous control Gapdh. H, ChIP experiments were performed with chromatin prepared fromWT, MyD88�/�,
and Il1r�/� BMDMs cocultured with B16-F10 melanoma cells for 48 hours. (Continued on the following page.)
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substantially reduced Pdcd1 expression compared with TAMs from
WT mice (Fig. 3G). Taken together, the microarray and qPCR data
corroborate the FACS findings and show substantially reduced tran-
scription of Pdcd1 and Pdcd1l1mRNA in the TAMs fromMyD88�/�

mice. These results suggest thatMyD88 is a critical regulator of PD-1/
PD-L1 expression in F4/80þCD11bþ TAMs.

IL1R signaling in TAMs drives PD-1/PD-L1 expression in
melanoma

Given that IL1R signaling is downregulated in F4/80þCD11bþ

TAMs harvested from MyD88�/� mice compared with WT mice
(Fig. 3D), we hypothesized that TAMs from Il1r�/� mice should
behave similarly to the TAMs fromMyD88�/�mice.We transferred 1
� 106 B16-F10 melanoma cells subcutaneously into WT and Il1r�/�

mice; mice were monitored for 2 weeks for tumor growth. We found
that Il1r�/� mice exhibited significantly impaired tumor growth
compared with WT control mice (Fig. 4A and B). Because IL-1b is
a well-known inflammation-modulating ligand that is processed
through IL1R, we further speculated that Il1b�/� mice would pheno-
copy Il1r�/�mice. Consistentwith thefindings in Il1r�/�mice, Il1b�/�

mice had a reduction in the tumor size and weight compared withWT
mice (Fig. 4C and D). Because the major defects we found with
MyD88�/� mice were the impaired infiltration of F4/80þCD11bþ

TAMs and the reduced PD-1 and PD-L1 expression on TAMs, we
performed flow cytometry analysis of tumors from Il1r�/� and Il1b�/�

mice to check for these defects. Consistent with the results seen in
MyD88�/� mice, Il1r�/� and Il1b�/� mice showed impaired infiltra-
tion of F4/80þCD11bþ TAMs in the TME (Fig. 4E and F). Compared
with the infiltration in WT mice, CD3þCD8þ T-cell infiltration was
increased in the tumors from Il1r�/� and Il1b�/� mice (Fig. 4G and
H), suggesting that IL1b could possibly be driving signaling through
the IL1R-MyD88 axis, thereby regulating myeloid cell infiltration
and tumor progression. The Gr1þCD11bþ granulocyte population
was found to be slightly reduced in the tumors from both Il1r�/� and
Il1b�/� mice, whereas the NK cell population was slightly increased
only in Il1b�/� mice compared with the tumors from WT mice
(Supplementary Fig. S4A and S4B). Next, we analyzed the expression
of PD-1 and PD-L1 on the F4/80þCD11bþ TAMs from Il1r�/� and
Il1b�/� mice by flow cytometry. F4/80þCD11bþ TAMs from Il1r�/�

and Il1b�/� mice showed decreased PD-1 and PD-L1 expression
compared with TAMs from WT mice (Fig. 4I–L). To understand
whether there was a decrease at the transcriptional level, we sort
purified F4/80þCD11bþ TAMs from Il1r�/� and Il1b�/� mice
(gating strategy; Supplementary Fig. S3) and performed qPCR to
determine the changes in the expression of Pdcd1 and Pdcd1l1
mRNA. Consistent with the flow cytometry data, we observed
reductions in the Pdcd1 and Pdcd1l1 mRNA levels from Il1r�/�

and Il1b�/� TAMs compared with TAMs from WT mice (Fig. 4M
and N). These results suggest that IL-1b–mediated IL1R signaling
can drive melanoma progression by inducing PD-1 and PD-L1
expression on TAMs.

We next analyzed the immune cell populations in spleens from
tumor-bearing WT, Il1r�/� and Il1b�/� mice by flow cytometry. As
shown in Supplementary Fig. S4C–S4J, no significant differences were
observed inmyeloid, B-cell or CD4þ or CD8þT-cell populations from
WT, Il1r�/�, and Il1b�/�mice. Although no significant difference was
found between activated T-cell populations, na€�ve T-cell populations
were significantly reduced in tumor-bearing Il1r�/� and Il1b�/� mice
compared with WT mice (Supplementary Fig. S4K and S4L). These
results suggest that IL1R signaling upstream of MyD88 drives the
infiltration of inflammatory macrophages in the TME, possibly sup-
pressing CD8þ T-cell recruitment and activation.

Myeloid cell-intrinsic MyD88 is sufficient to promote melanoma
progression

Because the major defect in MyD88�/� mice was observed with
the macrophage population in the tumors, we hypothesized that
MyD88 in macrophages is playing an essential role in promoting
tumorigenesis. To dissect the functional significance of MyD88 in
myeloid cells, we crossed MyD88fl/fl mice with LysMCre mice to
deplete MyD88 specifically in the myeloid cell compartment. Next,
we subcutaneously injected 1 � 106 B16-F10 melanoma cells into
WT, MyD88fl/þLysMCreþ (hereafter denoted as MyD88Ctrl), and
MyD88fl/flLysMCreþ (hereafter denoted as MyD88DMye) littermate
mice, and tumor growth was monitored. Consistent with the results
in MyD88�/� mice, myeloid cell-specific deletion of MyD88 caused
significantly impaired tumor growth compared with that observed
in WT andMyD88Ctrl mice (Fig. 5A–C). These data prompted us to
hypothesize that myeloid cell-specific expression of MyD88 is
sufficient to drive progression of melanoma.

To investigate the immune cell population infiltrating the tumors,
we performed flow cytometry analysis on the tumors harvested from
MyD88Ctrl andMyD88DMye mice. Consistent with the results observed
in the MyD88�/� mice, MyD88DMye mice showed impaired recruit-
ment of F4/80þCD11bþ TAMs in the TME (Fig. 5D and E). We also
observed an increase in the CD3þCD8þ T-cell infiltration in the
tumors, probably contributing to the reduced tumor growth in these
mice (Fig. 5F and G). Next, we analyzed PD-1 and PD-L1 expression
on F4/80þCD11bþTAMs fromMyD88Ctrl andMyD88DMyemice. This
analysis showed reduced expression of PD-1 and PD-L1 on F4/
80þCD11bþ TAMs fromMyD88DMye mice compared with the TAMs
fromMyD88Ctrl mice (Fig. 5H). To understandwhether the defect is at
the mRNA level, we sort purified F4/80þCD11bþ TAMs from
MyD88Ctrl and MyD88DMye mice (gating strategy; Supplementary
Fig. S3) and performed qPCR to determine the changes in the
expression of Pdcd1 and Pdcd1l1 mRNA. Consistent with the results
of the flow cytometry data, we observed reductions in the Pdcd1 and
Pdcd1l1 mRNA levels from MyD88DMye TAMs compared with the
levels from TAMs sort purified fromMyD88Ctrl mice (Fig. 5I). These
data suggest that myeloid cell-specific expression of MyD88 drives
PD-1/PD-L1 expression on F4/80þCD11bþ TAMs thereby regulating
melanoma growth.

(Continued.) Antibodies against NF-kBp65 and IgG were used. Precipitated DNA was quantified by real-time PCR using primers specific for the CR-C region of the
Pdcd1 promoter. ChIP values were normalized against the input and expressed as relative enrichment of the material precipitated by the indicated antibody on
specific promoter [relative quantification using the comparative Ct method (2�DDCt)]. I, B16-F10 melanoma cells were injected into WT mice with or without MyD88
inhibitor (MyD88i) treatment and/or with anti–PD-1 blockade. Mean tumor volume 2weeks after tumor cell injection inWTþ PBS (n¼ 7),WTþ control peptide (n¼
7),WTþMyD88i (n¼ 6),WTþ anti–PD-1 (n¼ 4), andWTþMyD88iþ anti–PD-1 (n¼ 7)mice. J, Flow cytometry analysis of tumors harvested fromWTmice (with or
without MyD88i). Pseudocolor plots of F4/80þCD11bþ macrophage infiltration and CD3þCD4þ and CD3þCD8þ T-cell infiltration in tumors. K, Flow cytometry
analysis (histogram) of PD-1 expression on F4/80þCD11bþ TAMs in tumors harvested fromWTmice (with or withoutMyD88i). Data are presented asmean� SD. The
Kruskal–Wallis test with Dunn multiple comparison test (D and F), two-way ANOVA with Dunnett multiple comparison test (G), and two-way ANOVA with Sidak
multiple comparison test (H and I) were used to determine the statistical significance. ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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The Gr1þCD11bþ granulocyte population was also found to be
reduced in the tumors from MyD88DMye mice, whereas B- and NK-cell
populations showed no defects compared with the tumors from
MyD88Ctrl mice (Supplementary Fig. S5A and S5B). Further analysis of
immune cell populations in spleens from tumor-bearingMyD88Ctrl and
MyD88DMyemice by flow cytometry revealed no significant differences in
myeloid, B-cell or CD3þCD4þ or CD3þCD8þ T-cell populations from
MyD88Ctrl and MyD88DMye mice (Supplementary Fig. S5C–S5J). In
accordance with the trend observed in the spleens of tumor-bearing
MyD88�/� mice,MyD88DMye mice also showed a significant increase in
the activated T-cell population compared withMyD88Ctrl mice (Supple-
mentary Fig. S5K and S5L). These results suggest thatMyD88 inmyeloid
cells is driving the infiltration of TAMs in the TME, creating an
immunosuppressive environment to favor melanoma progression.

MyD88 promotes tumor progression in a syngeneic MC38 colon
carcinoma tumor model by regulating TAM infiltration

Because MYD88 is highly expressed in a wide variety of human
cancers (Fig. 1A), we hypothesized that MyD88 and IL1R would
have roles in other tumor types in addition to melanoma. To test
this, we expanded our studies to use another well-accepted murine
tumor model, the MC38 colon carcinoma system. In this solid
tumor model, 1 � 106 MC38 colon carcinoma cells were subcuta-
neously injected into WT, MyD88�/� and Il1r�/� mice; mice were
monitored for 18 days for tumor growth. We found thatMyD88�/�

and Il1r�/� mice exhibited significantly impaired tumor growth
compared with WT mice (Fig. 6A). Consistent with the findings in
MyD88�/� and Il1r�/� mice injected with B16-F10 melanoma
cells, MyD88�/� and Il1r�/� mice injected with MC38 tumor cells
also displayed reduced infiltration of F4/80þCD11bþ TAMs in the
TME (Fig. 6B).

Next, we analyzed PD-1 expression on F4/80þCD11bþ TAMs from
MyD88�/� and Il1r�/�mice. This analysis showed reduced expression
of PD-1 on F4/80þCD11bþ TAMs fromMyD88�/� and Il1r�/� mice
compared with the TAMs fromWTmice (Fig. 6C). Next, we sought to
analyze the activation status of CD8þ T cells infiltrating the
TME. Compared with the WT mice, CD8þ T cells from the TME of
MyD88�/� and Il1r�/� mice tended to show a more activated phe-
notype (Fig. 6D). The CD8þ T cells fromMyD88�/� and Il1r�/�mice
also showed less PD-1 expression (Fig. 6E), suggesting possible
crosstalk between macrophages and T cells in the TME. Taken
together, these data suggest that the absence of MyD88 and IL1R
leads to reduction in the MC38 tumor burden similar to that seen
in melanoma by limiting the infiltration of F4/80þCD11bþ TAMs
and promoting the recruitment of activated cytotoxic T lympho-
cytes, thereby creating an antitumor microenvironment, and
shows that the IL1R/MyD88 axis has implications in multiple
tumor types.

IL1R/MyD88 axis is critical for NF-kB recruitment on the PD-1
promoter in macrophages

One mechanism whereby PD-1 expression might be regulated is by
tumor or immune cell secreted cytokines. Previous reports suggest that
LPS or IFNg can stimulate PD-1 or PD-L1 expression on bone
marrow-derived macrophages (BMDM; ref. 33). We first examined
the activation of PD-1 or PD-L1 on BMDMs upon LPS or IFNg
stimulation (Fig. 7A). In addition to LPS and IFNg , we also performed
coculture of BMDMs with B16-F10 melanoma cells. Compared with
LPS or IFNg stimulation, coculture of BMDMs with B16-F10 mela-
noma cells resulted in a strong induction of PD-1 expression (Fig. 7A).
Next, we examined the changes in the PD-L1 expression upon LPS or

IFNg stimulation or coculture with B16-F10 melanoma cells. LPS and
IFNg stimulation and coculture with B16-F10melanoma cells each led
to increased PD-L1 expression (Fig. 7B), compared with basal expres-
sion inWTBMDMs. To investigate whether BMDMs fromMyD88�/�

or Il1r�/� mice showed a defect in PD-1 expression upon coculture
with B16-F10 melanoma cells, we subjected BMDMs harvested from
MyD88�/�, Il1r�/� or Trif�/� mice to coculture experiments. Con-
sistent with the defect observed in MyD88-deficient F4/80þCD11bþ

TAMs, BMDMs fromMyD88�/� or Il1r�/� mice showed a reduction
in PD-1 expression upon coculture with tumor cells compared with
WT or Trif�/� BMDMs (Fig. 7C and D).

To address the direct effect of these macrophages on T-cell
suppression, we designed a macrophage suppression assay. We
cocultured macrophages from WT, MyD88�/� or Il1r�/� mice with
B16 tumor cells. After polarizing the macrophages in this way, we
cultured them with activated (CD3þCD28þ) splenic CD8þ T cells
and assessed the IFNg expression on these T cells by flow cyto-
metry. In accordance with our previous results, activated T cells
from WT mice showed elevated IFNg expression (Fig. 7E and F).
When these T cells were cocultured with polarized macrophages
from WT mice, the IFNg expression was significantly reduced,
and this reduction was rescued when the T cells were cocultured
with macrophages harvested from MyD88�/� or Il1r�/� mice
(Fig. 7E and F). These data suggest that MyD88 and IL1R from
myeloid cells have direct effects on T-cell function in the context of
the tumor.

Next, we isolated RNA from WT,MyD88�/� and Il1r�/� BMDMs
upon coculture with B16-F10 melanoma cells and performed qPCR to
determine the changes in the expression of Pdcd1 mRNA. Consistent
with the flow cytometry data, Pdcd1mRNA levels fromMyD88�/� or
Il1r�/� BMDMs were significantly reduced compared with those from
WT BMDMs (Fig. 7G), suggesting that the TME may act on the gene
expression program of macrophages. To examine whether MyD88
controls tumor cell-induced Pdcd1 gene expression at the transcrip-
tional level, we performed ChIP using an anti–NF-kBp65 antibody in
BMDMs cocultured with B16-F10 melanoma cells. As shown
in Fig. 7H, WT BMDMs showed recruitment of NF-kBp65 to the
CR–C region of the Pdcd1 promoter in response to the tumor cell
coculture. However, this recruitment was severely impaired in the
absence of MyD88 or IL1R (Fig. 7H). These results indicate that the
MyD88/IL1R axis is required for the recruitment of NF-kBp65 to the
CR–C region of the Pdcd1 promoter in macrophages cocultured with
tumor cells.

Given that anti–PD-1 combinatorial immunotherapy is being used
in the clinic to improve the therapeutic outcome in various cancers, we
sought to determine whether MyD88 inhibition using a MyD88
inhibitor (MyD88i) could result in a better treatment outcome in
mice with melanoma. WT mice treated with the control antenna
peptide did not show any reduction in tumor growth, whereas WT
mice treated with either MyD88i or anti–PD-1 had significantly
reduced tumor size (Fig. 7I). Next, we undertook a combinatorial
immunotherapy approach combining the MyD88i and anti–PD-1
blockade. The mice treated with both MyD88i with anti–PD-1 had
significantly reduced tumor growth compared with those treated with
MyD88i alone (Fig. 7I). Flow cytometry analysis of the tumors from
WT mice treated with control and MyD88i peptides showed reduced
F4/80þCD11bþ macrophage infiltration, increased CD8þ T-cell
recruitment and less PD-1 expression on these TAMs (Fig. 7J and
K), consistent with the data obtained fromMyD88�/� andMyD88DMye

mice. Collectively, these results suggest that MyD88 inhibition may
potentially provide an antitumor effect, and this inhibition coupled
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with immune checkpoint blockade may further improve therapeutic
efficacy in melanoma.

Discussion
Cancer is a leading cause of death worldwide and new cancer

cases are on the rise globally (44). Understanding the molecular
mechanisms behind the development and progression of individual
cancers is a major unmet need. The onset and progression of
melanoma is often characterized by the presence of an inflammatory
microenvironment with prevalent immunosuppressive myeloid cell
types and, to a certain extent, lymphoid cells (45). Understanding
the interaction between tumor cells and immune cells is extremely
important considering the fact that there are growing instances of
remarkable resistance to current immunotherapeutic strategies (46).
Although checkpoint blockade immunotherapies have focused on
the role of receptor–ligand interactions to regulate T-cell suppres-
sion, less is known about the role of these molecules in the context of
macrophages. In the current study, we identified the unknown
cell-intrinsic function of an adaptor molecule MyD88 downstream
of IL1R signaling in regulating PD-1/PD-L1 expression on a subset
of myeloid cells called TAMs to control melanoma progression and
growth.

Macrophages have been shown to promote metastasis in advanced
tumors (47). Blocking their recruitment with an anti-CSF1 receptor
(CSF1R) antibody leads to a reduction in the number of TAMs and in
their immunosuppressive activity (48). The blockade of CSF1R sig-
naling also results in the upregulation of CTLA4 and PD-L1 on T cells
and tumor cells, respectively. These immune checkpoint molecules
become upregulated as a result of enhanced inflammatory signaling in
the TME (49), implying thatmacrophages in the TME can be polarized
toward an antitumor function.

Several studies have suggested an important role for MYD88 in
tumor development. High expression of MYD88 has been correlated
with poor prognosis in several tumors, such as hepatocellular carci-
noma and colorectal and ovarian cancers (50). Using a DSSmodel and
mammary tumor transplantations, cell-autonomous functions of
MyD88have also been shown to be involved in tumorprogression (51).
Ablation of Tet2 (Ten–Eleven-Translocation-2), a tumor-suppressor
gene in myeloid cells, has been shown to suppress melanoma growth
in vivo, and the expression of Tet2 is dependent on the IL1R/MyD88
pathway (52). Recent studies have also linked a gain-of-function driver
mutation (L265P) in MYD88 that triggers IRAK-mediated NF-kB
signaling to Waldenstr€om’s macroglobulinemia and the activated
B-cell-like subtype of diffuse large B-cell lymphoma (53, 54). Despite
the fact thatMyD88 is ubiquitously expressed, the precisemechanisms
whereby MyD88 acts intrinsically in macrophages to sustain cancer
progression remain poorly understood. Analysis of TCGA mRNA
expression data elucidated an important role for MYD88 as a tumor-
promoting adaptor molecule in our analysis here. Human melanoma
datasets further emphasized the contribution of MYD88 in driving
tumorigenesis. However, these data need careful interpretation as the
tissue samples analyzed consist of heterogeneous populations, includ-
ing immune cells, and it is challenging to ascertain the cell type-specific
role of MYD88 in this context. Our data in vitro and in vivo provide

compelling evidence that MyD88 acts in a cell type–specific manner
to promote an immunosuppressive protumorigenic tissue micro-
environment. Using a MyD88-specific inhibitor, we showed a
marked decrease in melanoma progression in WT mice trans-
planted with B16 melanoma. These results strongly emphasize that
inhibition of the MyD88 signaling pathway could be a new potential
therapeutic target in melanoma.

Targeting PD-1 in the context of tumor/T-cell cross-talk has shown
impressive antitumor effects and clinical benefits in numerous cancers.
Despite these encouraging clinical results, the majority of patients did
not benefit from anti–PD-1/PD-L1 therapy, with some responders
relapsing after a period of response (46). This could be due to
inadequate information on the regulation of these immune checkpoint
molecules in the innate immune cells. Thus, a complete understanding
of the role played by TAMs and their cross-talk with the TME is
necessary to develop new combinatorial immunotherapy approaches.
Our data provide a previously unknown link between the transcrip-
tional regulation of PD-1 by the adaptor molecule MyD88 in TAMs
that will open new avenues for combination therapies. Combining
MYD88 inhibitors with PD-1 or PD-L1 blockade in the context of
macrophage-mediated immunotherapy could result in better treat-
ment outcomes in a wide variety of cancers.
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