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Abstract

Introduction: Macrophages play a significant role in the progression of diseases,

such as cancer, making them a target for immune-modulating agents. Trehalose

dibehenate (TDB) is known to activate M1-like macrophages via Mincle, however,

the effect of TDB on M2-like macrophages, which are found in the tumor

microenvironment, has not been studied.

Methods: qRT-PCR, flow cytometry, cytokine ELISA, and Western Blotting were

used to study the effect of TDB on GM-CSF andM-CSF/IL-4 derived bonemarrow

macrophages (BMMs) from C57BL/6 and Mincle�/� mice.

Results: TDB treatment up-regulated M1 markers over M2 markers by GM-CSF

BMMs, whereas M-CSF/IL-4 BMMs down-regulated marker gene expression

overall. TDB treatment resulted in Mincle-independent down-regulation of

CD11b, CD115, and CD206 expression by GM-CSF macrophages and CD115 in

M-CSF/IL-4 macrophages. GM-CSF BMMs produced of significant levels of

proinflammatory cytokines (IL-1b, IL-6, TNF-a), which was Mincle-dependent

and further enhanced by LPS priming. M-CSF BMMs produced little or no

cytokines in response to TDB regardless of LPS priming. Western blot analysis

confirmed that the absence of cytokine production was associated with a lack of

activation of the Syk kinase pathway.

Conclusion: This study illustrates that TDB has the potential to differentially

regulate M1- and M2-like macrophages in the tumor environment.

Introduction

Innate immunity plays an important role in host protection

against invading pathogens, and also in the progression of

various diseases, such as autoimmunity, atherosclerosis, and

cancer [1, 2]. Accordingly, microbial products, such as

trehalose glycolipids [3], have been widely studied for their

ability to cause and treat disease [4, 5]. Trehalose glycolipids

were first identified in the cell wall of Mycobacterium

tuberculosis [6, 7], and while the native isolated glycolipid,

trehalose dimycolate (TDM), has been implicated in the

pathogenesis of tuberculosis (TB) [8], both TDM and its

C22-acyl chain derivative, trehalose dibehenate (TDB),

exhibit anti-cancer activity and show promise as vaccine

adjuvants [9–15].

TDM and TDB are recognized by the Macrophage

Inducible C-type Lectin (Mincle, Clec4e) [13, 16], and the

activity of these glycolipidsmay be further enhanced through
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interaction with the macrophage C-type lectin (MCL,

Clec4d) [17, 18]. Mincle is expressed on myeloid cells and

recognizes damage-associated molecular patterns (DAMPs)

and pathogen-associated molecular patterns (PAMPs) [16,

19]. Upon binding of TDB to Mincle, the Syk (Spleen

tyrosine kinase) and Card9–Bcl10–MALT1 inflammasome

pathways are activated, which ultimately leads to the cellular

production of cytokines and chemokines [20–23].

The majority of studies on the activation of macrophages

by TDM and TDB have focussed solely on inflammatory

macrophages and dendritic cells (DCs) [13, 18, 20, 24, 25].

Macrophages, however, exist as a continuum of phenotypes

ranging from the classically activated ‘‘M1-like’’ (inflamma-

tory) to the alternatively activated ‘‘M2-like’’ (anti-inflam-

matory/wound healing) macrophage [26]. Moreover, they

display tremendous plasticity and readily alter their

phenotype following exposure to changes in the local

microenvironment [27]. Understanding how these different

phenotypes respond to agents such as TDB is key to

understanding how best to exploit these cells in therapy.

In diseases such as cancer, different macrophage pop-

ulations display distinct characteristics with often opposing

immunological functions [28, 29]. Macrophage progenitors

exposed to a variety of immune regulatory cytokines,

including IL-4, can differentiate into alternatively activated

(M2-like) macrophages with tumor-promoting proper-

ties [30–32]. Thus, the ability to deplete tumor-associated

macrophages (TAMs) or convert them from an M2-like

phenotype to a more tumor-suppressive phenotype repre-

sents a promising new approach for anti-cancer thera-

pies [32]. As TDB and related trehalose glycolipids exhibit

anti-cancer activities and have been found to be effective

adjuvants [9–15], we compared the effect of TDB on M1-

and M2-like macrophages.

Materials and Methods

Animals

C57BL/6 wild-type mice and Mincle�/� mice were bred

and housed in a conventional animal facility at the

Malaghan Institute of Medical Research, Wellington, New

Zealand. All animals used for the experiments were aged

between 8 and 12 weeks. All experimental procedures were

approved by the Victoria University Animal Ethics

Committee in accordance with their guidelines for the

care of animals (protocol nr 22371).

Generation and stimulation of bone
marrow-derived macrophages

Bonemarrow cells were collected from the tibia and femur of

C57BL/6 orMincle�/�mice and cultured (250,000 cells/mL)

in complete RPMI media (RPMI-1640 [Gibco, UK] with

10% heat inactivated fetal bovine serum [Gibco], 100U/mL

penicillin-streptomycin [Gibco], and 2mM Glutamax

[Gibco]). Macrophage differentiation was induced by either

50 ng/mL GM-CSF (PeproTech, Israel) or 10 ng/mL M-CSF

(PeproTech) with 10 ng/mL IL-4 (PeproTech) added to the

cRPMI [33, 34]. Cells were incubated at 378C (5% CO2) for

8 days (cells fed on days 3 and 6). Where indicated, BMMs

were primed with 0.5 ng/mL LPS on day 7 for 24 h. On day 8,

themedia was removed and the cells were washed with DPBS

to remove all non-adherent and loosely adherent cells, and

fresh complete RPMI was added to the cells followed by

stimulation with 40 or 100mg/mL TDB (2.5mg/mL stock in

DPBS with 2% DMSO), or 100 ng/mL LPS as positive

control. TDB was synthesized according to previously

published procedures [35] and was confirmed to be free

of endotoxin at a sensitivity of �0.125 EU/mL by the

Limulus amebocyte lysate (LAL) assay using an endotoxin

kit (Pyrotell, MA, USA).

Cytokine analysis

Levels of IL-1b, IL-6, and TNF-a cytokines in the super-

natantswere determinedby sandwichELISA (BDBiosciences,

CA, USA) according to the manufacturer’s instructions.

Quantitative RT-PCR

GM-CSF and M-CSF/IL-4 BMMs were differentiated over

8 days and stimulated with 100mg/mL TDB for 48 h. Total

RNA was extracted using Quick-RNATM MiniPrep kit (Zymo

Research, CA, USA) followed by cDNA synthesis using iScript

(BioRad, CA, USA) according to the manufacturer’s instruc-

tions. Quantitative RT-PCR of 18s, Cd74, Nos2, CD86, Chil3,

Retnla, andMrc1 (QuantiTect primer assay [Qiagen,Germany]

and KAPA SYBR FAST qPCR Master Mix [x2] [Kapa

Biosystems, MA, USA]) was performed using ABI 7500

platform. Cycle threshold (CT) was determined in the

exponential phase of the amplification curve and CT of

Cd74,Nos2,CD86,Chil3,Retnla, andMrc1were normalized to

the CT of 18s ribosomal RNA (DCT). Amplification efficiency

of QuantiTect primers are equivalent, so the DDCT method

was used to determine fold change (2�DDCT). Results are

expressed as log2 (fold change). All experiments were

performed in triplicate.

Western Blot

GM-CSF and M-CSF/IL-4 BMMs were differentiated over

8 days and stimulated with 40 or 100mg/mL TDB for 6 h.

Whole cell lysate was collected with NP-40 buffer containing

protease (cOmplete Tablets, Roche, Switzerland) and

phosphatase inhibitors (PhosSTOP, Roche). Western blots

TDB differentially alters macrophage phenotype K. Kodar et al.

504 © 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



were performed by 10% SDS–PAGE and wet blotting.

Antibodies used were anti-P-Syk(Y519/520), anti-P-Syk-

(Y317), anti-Syk, anti-b-Actin, anti-rabbit IgG-HRP (Cell

Signaling Technology, MA, USA) and anti-P-SHP2 (Y542),

anti-P-SHP2(Y580) and anti-SHP2 (Invitrogen, CA, USA).

Blots were developed with SuperSignal West Femto

Maximum Sensitivity Substrate (Thermo Scientific, IL,

USA) and imaged with Amersham Imager 600.

Flow cytometry analysis

Surface marker expression on macrophages was analyzed by

flow cytometry (BD FACS Calibur and LSRFortessa Cell

Analyser). Non-specific staining was blocked using anti-

mouseCD16/32 antibody (2.4G2). The cellswere then stained

with fluorescently labelled antibodies for the surface markers

I-A/I-E (MHC II) (Clone: M5/114.15.2, BioLegend, CA,

USA), CD115 (Clone: AFS98, eBioscience, CA, USA), CD206

(Clone: CO68C2, Biolegend), F4/80 (Clone: BM8, BioLe-

gend), CD11b (Clone: M1/70, BD Biosciences Pharmingen,

CA, USA), CD86 (Clone: PO3, BD Biosciences Pharmingen),

Streptavidin-APC (BD Biosciences Pharmingen), andMincle

(Clone: 1B6, MBL International Corporation, Japan). Data

analyses were performed using FlowJo (Tree Star, USA).

Statistics

Statistical significance of differences was assessed using two

tailed Student’s t-tests, 2-way ANOVAwith Bonferroni post-

hoc test, where appropriate, using Prism v7 software

(GraphPad, CA, USA). A P value less than 0.05 was

considered statistically significant.

Results

Verification of M1- and M2-like macrophage
populations

First we confirmed the M1- and M2-like phenotypes of the

GM-CSF and M-CSF/IL-4-generated macrophage popula-

tions, respectively [26, 34], whereby the M-CSF/IL-4 BMMs

are representative of TAMs as IL-4 is often found in the

tumor microenvironment [36, 37]. The GM-CSF and M-

CSF/IL-4 BMMs expressed similar levels of M1-like marker

genes (MHC class II (Ii), iNOS (NOS2),CD86), while theM-

CSF/IL-4 BMMs exhibited higher relative expression of the

M2-like markers Fizz1 (Retnla), Ym1 (Chil3), and macro-

phage mannose receptor 1 ‘‘CD206’’ (Mrc1) (Fig. 1A).

Analysis of cell surface marker expression on the two

macrophage populations by flow cytometry showed that

GM-CSF BMMs expressed higher levels of MHC II, CD86

and Mincle, and lower levels of the M2 markers F4/80,

CD115, and CD206 compared to M-CSF/IL-4 macrophages

(Fig. 1B). Taken together, this data was consistent with the

GM-CSF and M-CSF/IL-4 BMMs exhibiting M1-like pro-

inflammatory and M2-like tissue-resident anti-

inflammatory phenotypes, respectively [38–40].

TDB activates GM-CSF macrophages and
depolarizes M-CSF/IL-4 macrophages

Macrophages often require a priming signal to boost their

response to inflammatory stimuli [41]. As TDB can deliver

both priming and stimulatory signals [13, 20, 42], in this

study TDB was added to the GM-CSF and M-CSF/IL-4

BMMs without separate priming. Following TDB treatment,

GM-CSF BMMs exhibited a shift toward a more pro-

inflammatory phenotype, as indicated by the increased

expression of iNOS and CD86 and the decreased expression

of the M2 markers Fizz1 and CD206 (Fig. 2A). In contrast,

M-CSF/IL-4 BMMs showed decreased expression of both

M1- and M2-like mRNA markers after TDB treatment

(Fig. 2B).

Cell surface marker analysis showed that TDB treatment

resulted in a significant decrease in the expression of CD11b

for GM-CSF BMMs (Fig. 2C) and lowered the expression of

CD115 (Fig. 2D) for both macrophage phenotypes. Further

analysis of CD115 expression on both GM-CSF and M-CSF/

IL-4 BMMs revealed a discrete CD115high subpopulation

(Fig. 2E) that decreased after exposure to TDB (Fig. 2F).

Consistent with the mRNA results, TDB treatment also

down regulated the relative expression of theM2-likemarker

CD206 on GM-CSF BMMs, but had no effect on the

expression of CD206 on M-CSF/IL-4 BMMs (Fig. 2G).

Although the activation of antigen presenting cells due to the

uptake of mycobacteria is commonly associated with an

increased expression of MHC class II and co-stimulatory

molecules such as CD86 [43], TDB treatment did not alter

the cell surface expression of MHC II or CD86 on either

macrophage phenotype (Fig. 2H). TDB also had no effect on

the expression of another commonly used murine macro-

phage marker F4/80 (Fig. 2I).

Next, we looked at the effect of TDB treatment on changes

to the cell surface expression of Mincle. Consistent with

earlier findings [13, 18], TDB stimulated a rapid increase in

Mincle expression on GM-CSF BMMs (Fig. 3A). In contrast,

the stimulation of M-CSF/IL-4 BMMs with a high

concentration of TDB only led to a slight increase in Mincle

expression over time. To determine whether the decreased

expression of CD11b, CD115, and CD206 following TDB

treatment required Mincle, BMMs were generated from

Mincle�/� bone marrow cells. The down regulation of

CD115 expression for GM-CSF and MCSF/IL-4 BMMs

(Fig. 3B) and CD11b for GM-CSF BMMs (Fig. 3C) was still

observed, indicating that Mincle was not necessary for

inducing these effects. In the absence of Mincle, however,
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GM-CSF BMMs did not down-regulate CD206 following

stimulation with TDB (Fig. 3D).

TDB triggers pro-inflammatory activation of
GM-CSF BMMs, but not M-CSF/IL-4 BMMs

We next explored the effect of TDB on the function of GM-

CSF and M-CSF/IL-4 BMMs. In accordance with previous

studies using M1-like macrophages [13, 20, 35], the

exposure of GM-CSF BMMs to TDB triggered the

production of IL-1b, IL-6, and TNF-a (Fig. 4A). As

expected [13], this activity was abolished when using GM-

CSF BMMs from Mincle�/� mice (Fig. 4B). Consistent with

previous studies [23, 43], M-CSF-differentiated macro-

phages responded to TDB (Fig. SI1), however, TDB

treatment induced little or no cytokine production by M-

CSF/IL-4 polarized macrophages despite these cells still

being able to respond to LPS (Fig. 4A). This observation is

supported by earlier findings that show that IL-4 down-

regulates the expression of Mincle in human and mouse

macrophages and DCs [44]. Priming of the macrophage

populations with LPS enhanced TDB-induced increases in

both Mincle expression (Fig. 5A) and cytokine production

by GM-CSF macrophages, but did not affect the response of

M-CSF/IL-4 macrophages (Fig. 5B–D). Priming of the

macrophages with LPS also did not enhance the response of

either macrophage phenotype to LPS (Fig. 5B–D).

Phosphorylation of Syk [45] and the downstream

formation of the Card9-Bcl10-Malt1 complex are essential

for the activation of NFkB-mediated gene expression via

Mincle [20, 23], which in turn leads to pro-inflammatory

cytokine production and Mincle up-regulation. To gain

insight into the differences in cytokine production between

the GM-CSF and M-CSF/IL-4 macrophage populations,

we analyzed signaling through the Syk-Card9 pathway by

western blot. Analysis of whole cell lysate showed

comparable Syk expression in both GM-CSF and M-

CSF/IL-4 BMMs, however, only GM-CSF BMMs showed

Syk phosphorylation (Y317 and Y519/520) after TDB

treatment (Fig. 6A and B). The tyrosine phosphatase SHP-

2 has been shown to mediate C-type lectin receptor-

induced Syk activation [46], and western blot analysis

showed that TDB treatment induced SHP-2 phosphory-

lation (Y542 and Y580) in GM-CSF BMMs alone

Figure 1. Differentiation of distinct M1- and M2-like macrophages. (A) Gene expression profile of M-CSF/IL-4 BMMs as compared to GM-CSF BMMs.
M1-like andM2-like macrophages were generated using GM-CSF andM-CSF/IL-4, respectively, over 8 days, and relative gene expression was measured
by q/RT-PCR. Mean� SEM of triplicate samples from four independent experiments are shown. (B) Forward light scatter (FSC)—side light scatter (SSC)
blots, macrophages were identified as CD11b positive cells. Cell surface expression of CD86, MHC II, F4/80, CD115, CD206, and Mincle on day 8 GM-
CSF and M-CSF/IL-4 differentiated BMMs as measured by flow cytometry. Unstained cells were used as a staining control for CD11b, MHC II, CD86,
F4/80, CD115 and CD206, Mincle�/� BMMs were used as a staining control for Mincle. Mean� SEM of triplicate samples from at least three
independent experiments are shown. �P� 0.05; ��P� 0.01; ���P� 0.005; ����P� 0.001 (two-tailed Student's t-test).
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Figure 2. TDB changes the polarization of GM-CSF and M-CSF/IL-4 BMM. Gene expression profile of TDB treated BMMs relative to untreated control.
(A) GM-CSF and (B) M-CSF/IL-4 BMMs were differentiated over 8 days, stimulated with 100mg/mL TDB for 48 h, and relative gene expression was
measured by q/RT-PCR. Relative expression of cell surface markers (C) CD11b, (D) CD115, (G) CD206 and (H) MHC II, CD86, (I) F4/80 on GM-CSF andM-
CSF/IL-4 BMMs treatedwith 40 or 100mg/mL TDB, or 100 ng/mL LPS as positive control, for 24 h. (E) The expression of CD115 byGM-CSF andM-CSF/IL-4
BMMs shown as histogram and (F) the percentage of CD115high cells in TDB treated GM-CSF and M-CSF/IL-4 BMMs. �P� 0.05; ��P� 0.01;
���P� 0.005; ����P� 0.001 (two-tailed Student's t-test).

K. Kodar et al. TDB differentially alters macrophage phenotype

© 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 507



(Fig. 6A and C). These data indicate that M-CSF/IL-4

BMM do not switch on the Syk-Card9 pathway required to

induce pro-inflammatory responses via Mincle.

Discussion

M1- and M2-like macrophages display distinct character-

istics and opposing immunological functions that can be

targeted to treat disease [26]. In this study, we demonstrate

that TDB differentially modulates GM-CSF (M1-like) and

M-CSF/IL-4 (M2-like) macrophages. The effect of TDB on

the two macrophage phenotypes is substantial, with TDB

enhancing the M1-like phenotype of GM-CSF macrophages

and down-regulatingM2-like markers commonly associated

with TAMs and cancer progression [31, 47, 48] for both GM-

CSF and M-CSF/IL-4 BMMs.

Figure 3. Effect ofMincle on surfacemarker expression by GM-CSF andM-CSF/IL-4 BMMs. (A) Cell surface expression ofMincle in GM-CSF andM-CSF/
IL-4 differentiated BMMs from C57BL/6 bone marrow treated with 40 or 100mg/mL TDB, or 100ng/mL LPS as positive control, for 6, 24, and 48h. Cell
surface expression of (B) CD115 and percentage of CD115high cells, (C) CD11b, (D) CD206 in GM-CSF and M-CSF/IL-4 differentiated BMMs from
Mincle�/� bonemarrow treatedwith 40 or 100mg/mL TDB, or 100 ng/mL LPS as positive control, for 24 h.Mean� SEMof triplicate samples from at least
three independent experiments are shown. �P� 0.05; ��P� 0.01; ���P� 0.005; ����P� 0.001 (two tailed Student's t-test, 2-way ANOVA with
Bonferroni post hoc test).
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The ability of TDB to decrease the expression of CD115

may play a role in the reported anti-cancer activity of the

glycolipid. The accumulation of M2-like TAMs is associated

with a negative outcome in cancer [32], and accordingly,

there has been much interest in targeting macrophages to

block the development of this M2-like phenotype [49, 50].

Indeed, the inhibition of CD115 by monoclonal antibodies

has been shown to inhibit TAMs and has proven to be a

promising new anti-cancer therapy [51–54]. Similarly, the

observed decrease in CD11b following TDM treatment

could also contribute to the anti-cancer effects of TDB.

CD11b has been correlated to a poor prognosis for certain

cancers [55], and blocking CD11b has led to enhanced anti-

tumor therapies and outcomes [56, 57]. The observed

changes in the expression of CD115 and CD11b were

independent ofMincle.We have previously reported that the

cellular uptake of TDB is Mincle independent [58], and

therefore it is possible that TDB is acting intracellularly to

down regulate surface marker expression. Alternatively,

other, yet unidentified, TDB receptors might be involved in

these processes.

Consistent with previous work on M1-like macro-

phages and DCs [13, 20], TDB-treated GM-CSF BMMs

produced IL-1b, IL-6, and TNF-a in a Mincle-dependent

Figure 4. TDB triggers pro-inflammatory activation of GM-CSF BMMs, but not M-CSF/IL-4 BMMs. Cytokine production by TDB stimulated GM-CSF and
M-CSF/IL-4 BMMs from (A) C57BL/6 and (B) Mincle�/� bone marrow. BMMs were treated with 40 or 100mg/mL TDB, or 100ng/mL LPS as positive
control. Levels of IL-1b, IL-6, and TNFa were measured by the ELISA from supernatant at 48 h. Mean� SEM of triplicate samples from at least three
experiment performed are shown. ��P� 0.01; ���P� 0.005; ����P� 0.001 (2-way ANOVA with Bonferroni post hoc test).
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manner. Similarly, M-CSF BMMs also produced cyto-

kines in response to TDB [23, 43]. This proinflammatory

response by GM-CSF (M1-like) macrophages, and M-

CSF BMMs, likely contributes to TDB’s anti-cancer

properties as the immunological activity of both TDM

and TDB has been linked with inflammation and

lymphocyte sensitization [10]. Notwithstanding, Mincle

signaling has recently been associated with oncogenesis in

pancreatic ductal adenocarcinoma (PDA) [59]. However,

PDA is characterized by inflammatory cells in the tumor

microenvironment [60], while many other cancers

contain high numbers of anti-inflammatory macro-

phages [32]. Accordingly, it is necessary to understand

the tumor microenvironment and how different tumor

macrophage populations are likely to respond to

immunomodulating agents such as TDB in order to

ensure that the appropriate local response is raised for the

best therapeutic effect.

In contrast to GM-CSF and M-CSF BMMs, M-CSF/IL-4

BMMs did not produce inflammatory mediators in response

to TDB despite showing the capacity to respond to LPS

stimulation. Subsequent analysis of the cell surface expres-

sion levels of Mincle indicated that TDB induced rapid and

significant increases inMincle expression in GM-CSF BMMs

but not for M-CSF/IL-4 BMMs, which is consistent with the

earlier findings by Hupfer et al. [44]. Moreover, while LPS

priming increased Mincle expression and cytokine produc-

tion by GM-CSF BMMs treated with TDB, LPS priming had

no appreciable effect on Mincle expression or cytokine

Figure 5. Priming does not increaseM-CSF/IL-4 BMMs’ ability to respond to TDB. BMMswere differentiatedwithGM-CSF andM-CSF/IL-4 fromC57BL/6
bone marrow over 8 days, primed with 0.5 ng/mL LPS for 24 h and then stimulated with 40 or 100mg/mL TDB, or 100ng/mL LPS as positive control.
Mincle expression (A) was measured at 24 h using flow cytometry, and production of IL-1b (B), IL-6 (C), and TNFa (D) measured by ELISA at 48 h.
Mean� SEMof triplicate samples from at least two experiment performed are shown. �P� 0.05; ����P� 0.001 (2-way ANOVAwith Bonferroni post hoc
test).

Figure 6. Syk kinase activity dependence of TDB-induced inflammatory
response by GM-CSF and M-CSF/IL-4 BMMs. GM-CSF and M-CSF/IL-4
BMMs differentiated from C57BL/6 bone marrow were stimulated with
40 or 100mg/mL TDB for 6 h and whole cell lysate were analyzed for Syk
and SHP-2 phosphorylation by Western blot. b-Actin was used as a
loading control. Representatives of samples from at least two experi-
ments performed are shown.
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production by strongly M2-polarized macrophages treated

with TDB.

Our data on the activation of the Mincle-Syk pathway

also demonstrates that while both Syk and SHP-2

proteins were phosphorylated in TDB-treated GM-CSF

BMMs, this did not occur in M-CSF/IL-4 BMMs, with the

likely explanation being the observed low expression

levels of Mincle. However, based on work by Strasser

et al. [61] showing that protein kinase C d (PKCd) links

Syk activation by C-type lectin receptors (including

Mincle) to the Card9-Bcl10-Malt1 complex, a phospho-

proteomic study could provide more insight into the

Mincle-driven signaling pathways for both macrophage

phenotypes.

Taken together, our data demonstrates that TDB can

modulate the immune response of M1-like and M2-like

macrophages, with both macrophage subsets losing charac-

teristics associated with an M2-like phenotype. These

functional changes are more pronounced for macrophages

already skewed toward the pro-inflammatory phenotype,

with GM-CSF BMMs becoming more pro-inflammatory

upon stimulation with TDB. The treatment of M-CSF/IL4

BMMs with TDB, generates a more neutral macrophage

phenotype, as evidenced by the decrease in the relative

expression of CD115, deficit cytokine production, and an

overall decrease in the expression of marker mRNA. Our

data also suggests that TDB has the potential to alter

macrophage phenotypes to one that disfavors tumor-

growth. Given that TDB is a well-tolerated vaccine adjuvant,

this work further supports the development of modified

trehalose glycolipids with even more promising as anti-

cancer activity.

Acknowledgments

We thank Sho Yamasaki (Kyushu University, Fukuoka,

Japan) for kindly providing the Mincle�/� mice. This work

was supported by the Cancer Society of New Zealand (Grant

2013/33) and the Health Research Council of New Zealand

(Hercus Fellowship, BLS).

Conflict of Interest

The authors declare that there are no conflicts of interest.

References

1. Kumar, H., T. Kawai, and S. Akira. 2011. Pathogen

recognition by the innate immune system. Int. Rev.

Immunol. 30(1):16–34.

2. Wynn, T. A., A. Chawla, and J. W. Pollard. 2013. Macrophage

biology in development, homeostasis and disease. Nature

496(7446):445–455.

3. Khan, A. A., B. L. Stocker, andM. S. Timmer. 2012. Trehalose

glycolipids-synthesis and biological activities. Carbohydr.

Res. 356:25–36.

4. Ryll, R., Y. Kumazawa, and I. Yano. 2001. Immunological

properties of trehalose dimycolate (cord factor) and other

mycolic acid-containing glycolipids—a review. Microbiol.

Immunol. 45(12):801–811.

5. Mogensen, T. H. 2009. Pathogen recognition and inflamma-

tory signaling in innate immune defenses. Clin. Microbiol.

Rev. 22(2):240–273.

6. Bloch, H. 1950. Studies on the virulence of tubercle bacilli;

isolation and biological properties of a constituent of virulent

organisms. J. Exp. Med. 91(2):197–218

7. Noll, H., H. Bloch, J. Asselineau, and E. Lederer. 1956.

The chemical structure of the cord factor of Mycobacte-

rium tuberculosis. Biochim. Biophys. Acta. 20(2):

299–309.

8. Welsh, K. J., R. L. Hunter, and J. K. Actor. 2013. Trehalose

6,6’-dimycolate-a coat to regulate tuberculosis immunopa-

thogenesis. Tuberculosis 93(Suppl):S3–S9.

9. Bekierkunst, A., L. Wang, R. Toubiana, and E. Lederer. 1974.

Immunotherapy of cancer with nonliving BCG and fractions

derived from mycobacteria: role of cord factor (Trehalose-6,

60-Dimycolate) in tumor regression. Infect. Immun.

10(5):1044–1050.

10. Yarkoni, E., L. Wang, and A. Bekierkunst. 1974. Suppression

of growth of Ehrlich ascites tumor cells in mice by trehalose-

6,60-dimycolate (cord factor) and BCG. Infect. Immun.

9(6):977–984.

11. Ottenhoff, T. H., T. M. Doherty, J. T. van Dissel, P. Bang, K.

Lingnau, I. Kromann, and P. Andersen. 2010. First in

humans: a new molecularly defined vaccine shows excellen

safety and strong induction of long-lived Mycobacterium

tuberculosis-specific Th1-cell like responses. Hum. Vaccin.

6(12):1007–1015.

12. Fomsgaard, A., I. Karlsson, G. Gram, C. Schou, S. Tang, P.

Bang, I. Kromann, P. Andersen, and L. V. Andreasen. 2011.

Development and preclinical safety evaluation of a new

therapeutic HIV-1 vaccine based on 18 T-cell minimal

epitope peptides applying a novel cationic adjuvant CAF01.

Vaccine 29(40):7067–7074.

13. Schoenen, H., B. Bodendorfer, K. Hitchens, S. Manzanero, K.

Werninghaus, F. Nimmerjahn, E. M. Agger, S. Stenger, P.

Andersen, J. Ruland, et al. 2010. Cutting edge: mincle is

essential for recognition and adjuvanticity of the mycobacte-

rial cord factor and its synthetic analog trehalose-dibehenate.

J. Immunol. 184(6):2756–2760.

14. Nishizawa, M., H. Yamamoto, H. Imagawa, V. Barbier-

Chassefi�ere, E. Petit, I. Azuma, and D. Papy-Garcia. 2007.

Efficient syntheses of a series of trehalose dimycolate (TDM)/

trehalose dicorynomycolate (TDCM) analogues and their

interleukin-6 level enhancement activity in mice sera. J. Org.

Chem. 72(5):1627–1633.

K. Kodar et al. TDB differentially alters macrophage phenotype

© 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 511



15. Decout, A., S. Silva-Gomes, D. Drocourt, S. Barbe, I. Andr�e,

F. J. Cueto, T. Lioux, D. Sancho, E. P�erouzel, A. Vercellone,

et al. 2017. Rational design of adjuvants targeting the C-type

lectin Mincle. Proc. Natl. Acad. Sci. U. S. A. 114(10):

2675–2680.

16. Ishikawa, E., T. Ishikawa, Y. S. Morita, K. Toyonaga, H.

Yamada, O. Takeuchi, T. Kinoshita, S. Akira, Y. Yoshikai, and

S. Yamasaki. 2009. Direct recognition of the mycobacterial

glycolipid, trehalose dimycolate, by C-type lectin Mincle. J.

Exp. Med. 206(13):2879–2888.

17. Furukawa, A., J. Kamishikiryo, D. Mori, K. Toyonaga, Y.

Okabe, A. Toji, R. Kanda, Y. Miyake, T. Ose, S. Yamasaki,

et al. 2013. Structural analysis for glycolipid recognition by

the C-type lectins Mincle and MCL. Proc. Natl. Acad.

Sci. U. S. A. 110(43):17438–17443.

18. Miyake, Y., O. H. Masatsugu, and S. Yamasaki. 2015. C-type

lectin receptor MCL facilitates mincle expression and

signaling through complex formation. J. Immunol. 194(11):

5366–5374.

19. Yamasaki, S., E. Ishikawa, M. Sakuma, H. Hara, K. Ogata,

and T. Saito. 2008. Mincle is an ITAM-coupled activating

receptor that senses damaged cells. Nat. Immunol. 9(10):

1179–1188.

20. Werninghaus, K., A. Babiak, O. Gross, C. H€olscher, H.

Dietrich, E. M. Agger, J. Mages, A. Mocsai, H. Schoenen, K.

Finger, et al. 2009. Adjuvanticity of a synthetic cord factor

analogue for subunit Mycobacterium tuberculosis vaccina-

tion requires FcRgamma-Syk-Card9-dependent innate im-

mune activation. J. Exp. Med. 206(1):89–97.

21. Desel, C., K. Werninghaus, M. Ritter, K. Jozefowski, J.

Wenzel, N. Russkamp, U. Schleicher, D. Christensen, S.

Wirtz, C. Kirschning, et al. The mincle-activating adjuvant

TDB induces myD88-dependent Th1 and Th17 responses

through IL-1R signaling. PLoS ONE 8(1):e53531.

22. Shenderov, K., D. L. Barber, K. D.Mayer-Barber, S. S. Gurcha,

D. Jankovic, C. G. Feng, S. Oland, S. Hieny, P. Caspar, S.

Yamasaki, et al. 2013. Cord factor and peptidoglycan

recapitulate the Th17-promoting adjuvant activity of myco-

bacteria through mincle/CARD9 signaling and the inflam-

masome. J. Immunol. 190(11):5722–5730.

23. Ostrop, J., K. Jozefowski, S. Zimmermann, K. Hofmann, E.

Strasser, B. Lepenies, and R. Lang. 2015. Contribution of

MINCLE-SYK signaling to activation of primary human

APCs by mycobacterial cord factor and the novel adjuvant

TDB. J. Immunol. 195(5):2417–2428.

24. Lee, W. B., J. S. Kang, W. Y. Choi, Q. Zhang, C. H. Kim, U. Y.

Choi, J. Kim-Ha, and Y. J. Kim. 2016. Mincle-mediated

translational regulation is required for strong nitric oxide

production and inflammation resolution. Nat. Commun.

7:11322.

25. Schweneker, K., O. Gorka, M. Schweneker, H. Poeck, J.

Tschopp, C. Peschel, J. Ruland, and O. Gross. 2013. The

mycobacterial cord factor adjuvant analogue trehalose-6,

60-dibehenate (TDB) activates the Nlrp3 inflammasome.

Immunobiology 218(4):664–673.

26. Murray, P. J., J. E. Allen, S. K. Biswas, E. A. Fisher, D. W.

Gilroy, S. Goerdt, S. Gordon, J. A. Hamilton, L. B. Ivashkiv, T.

Lawrence, et al. 2014. Macrophage activation and polariza-

tion: nomenclature and experimental guidelines. Immunity

41(1):14–20.

27. Stout, R. D., C. Jiang, B. Matta, I. Tietzel, S. K.Watkins, and J.

Suttles. 2005. Macrophages sequentially change their func-

tional phenotype in response to changes in microenviron-

mental influences. J. Immunol. 175(1):342–349.

28. Murray, P. J., and T. A. Wynn. 2011. Protective and

pathogenic functions of macrophage subsets. Nat. Rev.

Immunol. 11(11):723–737.

29. Ohashi, W., K. Hattori, and Y. Hattori. 2015. Control of

macrophage dynamics as a potential therapeutic approach for

clinical disorders involving chronic inflammation. J. Phar-

macol. Exp. Ther. 354(3):240–250.

30. Bingle, L., N. J. Brown, and C. E. Lewis. 2002. The role of

tumour-associated macrophages in tumour progression:

implications for new anticancer therapies. J. Pathol.

196(3):254–265.

31. Ostuni, R., F. Kratochvill, P. J. Murray, and G. Natoli. 2015.

Macrophages and cancer: from mechanisms to therapeutic

implications. Trends. Immunol. 36(4):229–239.

32. Mantovani, A., F. Marchesi, A. Malesci, L. Laghi, and P.

Allavena. 2017. Tumour-associated macrophages as treat-

ment targets in oncology. Nat. Rev. Clin. Oncol. 14(7):

399–416.

33. Fleetwood, A. J., T. Lawrence, J. A. Hamilton, and A. D. Cook.

2007. Granulocyte-macrophage colony-stimulating factor

(CSF) and macrophage CSF-dependent macrophage pheno-

types display differences in cytokine profiles and transcription

factor activities: implications for CSF blockade in inflamma-

tion. J. Immunol. 178(8):5245–5252.

34. Hamilton, T. A., C. Zhao, P. G. Pavicic, Jr., and S. Datta. 2014.

Myeloid colony-stimulating factors as regulators of macro-

phage polarization. Front. Immunol. 5:554.

35. Khan, A. A., S. H. Chee, R. J. McLaughlin, J. L. Harper, F.

Kamena, M. S. Timmer, and B. L. Stocker. 2011. Long-chain

lipids are required for the innate immune recognition of

trehalose diesters by macrophages. ChemBioChem. 12(17):

2572–2576.

36. Turley, S. J., V. Cremasco, and J. L. Astarita. 2015.

Immunological hallmarks of stromal cells in the tumour

microenvironment. Nat. Rev. Immunol. 15(11):669–682.

37. Laoui, D., E. Van Overmeire, P. De Baetselier, J. A. Van

Ginderachter, and G. Raes. Functional relationship between

tumor-associated macrophages and macrophage colony-

stimulating factor as contributors to cancer progression.

Front. Immunol. 5:489.

38. Ghassabeh, G. H., P. De Baetselier, L. Brys, W. Noël, J. A. Van
Ginderachter, S. Meerschaut, A. Beschin, F. Brombacher, and

TDB differentially alters macrophage phenotype K. Kodar et al.

512 © 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



G. Raes. 2006. Identification of a common gene signature for

type II cytokine-associated myeloid cells elicited in vivo in

different pathologic conditions. Blood 108(2):575–583.

39. Kigerl, K. A., J. C. Gensel, D. P. Ankeny, J. K. Alexander, D. J.

Donnelly, and P. G. Popovich. 2009. Identification of two

distinct macrophage subsets with divergent effects causing

either neurotoxicity or regeneration in the injured mouse

spinal cord. J. Neurosci. 29(43):13435–13444.

40. Lawrence, T., and G. Natoli. 2011. Transcriptional regulation

of macrophage polarization: enabling diversity with identity.

Nat. Rev. Immunol. 11(11):750–761.

41. Classen, A., J. Lloberas, and A. Celada. 2009. Macrophage

activation: classical versus alternative. Methods. Mol. Biol.

531:29–43.

42. Stocker, B. L., A. A. Khan, S. H. Chee, F. Kamena, and M. S.

Timmer. 2014. On one leg: trehalose monoesters activate

macrophages in a Mincle-dependant manner. ChemBio-

Chem. 15(3):382–388.

43. Reljic, R., C. Di Sano, C. Crawford, F. Dieli, S. Challacombe,

and J. Ivanyi. 2005. Time course of mycobacterial infection of

dendritic cells in the lungs of intranasally infected mice.

Tuberculosis 85(1–2):81–88.

44. Hupfer, T., J. Schick, K. Jozefowski, D. Voehringer, J. Ostrop,

and R. Lang. 2016. Stat6-dependent inhibition of mincle

expression in mouse and human antigen-presenting cells by

the Th2 cytokine IL-4. Front Immunol. 7:423.

45. Tsang, E., A. M. Giannetti, D. Shaw, M. Dinh, J. K. Tse, S.

Gandhi, H. Ho, S. Wang, E. Papp, and J. M. Bradshaw. 2008.

Molecular mechanism of the Syk activation switch. J. Biol.

Chem. 283(47):32650–32659.

46. Deng, Z., S. Ma, H. Zhou, A. Zang, Y. Fang, T. Li, H. Shi, M.

Liu, M. Du, P. R. Taylor, et al. 2015. Tyrosine phosphatase

SHP-2 mediates C-type lectin receptor-induced activation of

the kinase Syk and anti-fungal Th17 responses. Nat. Immunol.

16:642–652.

47. Mantovani, A., S. Sozzani, M. Locati, P. Allavena, and A. Sica.

2002. Macrophage polarization: tumor-associated macro-

phages as a paradigm for polarized M2 mononuclear

phagocytes. Trends. Immunol. 23(11):549–555.

48. Ruffell, B., N. I. Affara, and L. M. Coussens. 2012. Differential

macrophage programming in the tumor microenvironment.

Trends. Immunol. 33(3):119–126.

49. Ostuni, R., F. Kratochvill, P. J. Murray, and G. Natoli. 2015.

Macrophages and cancer: from mechanisms to therapeutic

implications. Trends. Immunol. 36(4):229–239.

50. Bingle, L.,N. J.Brown, andC.E.Lewis. 2002.The roleof tumour-

associatedmacrophages in tumour progression: implications for

new anticancer therapies. J. Pathol. 196(3):254–265.

51. Fend, L., N. Accart, J. Kintz, S. Cochin, C. Reymann, F. Le

Pogam, J. B. Marchand, T. Menguy, P. Slos, R. Rooke, et al.

2013. Therapeutic effects of anti-CD115 monoclonal anti-

body in mouse cancer models through dual inhibition of

tumor-associated macrophages and osteoclasts. PLoS ONE

8(9):e73310.

52. Strachan, D. C., B. Ruffell, Y. Oei, M. J. Bissell, L. M.

Coussens, N. Pryer, and D. Daniel. 2013. CSF1R inhibition

delays cervical and mammary tumor growth in murine

models by attenuating the turnover of tumor-associated

macrophages and enhancing infiltration by CD8(þ) T cells.

Oncoimmunology 2(12):e26968.

53. Tymoszuk, P., H. Evens, V. Marzola, K. Wachowicz, M. H.

Wasmer, S. Datta, E. M€uller-Holzner, H. Fiegl, G. B€ock, N.

van Rooijen, et al. 2014. In situ proliferation contributes to

accumulation of tumor-associated macrophages in sponta-

neous mammary tumors. Eur. J. Immunol. 44(8):

2247–2262.

54. Stafford, J. H., T. Hirai, L. Deng, S. B. Chernikova, K. Urata,

B. L.West, and J.M. Brown. 2016. Colony stimulating factor 1

receptor inhibition delays recurrence of glioblastoma after

radiation by altering myeloid cell recruitment and polariza-

tion. Neuro. Oncol. 18(6):797–806.

55. Okita, Y., H. Tanaka, M. Ohira, K. Muguruma, N. Kubo,

M. Watanabe, W. Fukushima, and K. Hirakawa. 2014.

Role of tumor-infiltrating CD11bþ antigen-presenting

cells in the progression of gastric cancer. J. Surg. Res.

186:192–200.

56. Ahn, G. O., D. Tseng, C. H. Liao, M. J. Dorie, A. Czechowicz,

and J. M. Brown. 2010. Inhibition of Mac-1 (CD11b/CD18)

enhances tumor response to radiation by reducing myeloid

cell recruitment. Proc. Natl. Acad. Sci. U. S. A. 107:

8363–8368.

57. DeNardo, D. G., D. J. Brennan, E. Rexhepaj, B. Ruffell, S. L.

Shiao, S. F. Madden, W. M. Gallagher, N. Wadhwani, S. D.

Keil, S. A. Junaid, et al. 2011. Leukocyte complexity predicts

breast cancer survival and functionally regulates response to

chemotherapy. Cancer Discov. 1(1):54–67.

58. Kodar, K., S. Eising, A. A. Khan, S. Steiger, J. L. Harper, M. S.

Timmer, and B. L. Stocker. 2015. The uptake of trehalose

glycolipids by macrophages is independent of Mincle.

ChemBioChem 16(4):683–693.

59. Seifert, L., G.Werba, S. Tiwari, N. N. Giao Ly, S. Alothman, D.

Alqunaibit, A. Avanzi, R. Barilla, D. Daley, S. H. Greco, et al.

2016. The necrosome promotes pancreatic oncogenesis via

CXCL1 and Mincle-induced immune suppression. Nature

532(7598):245–249.

60. Mielgo, A., and M. C. Schmid. 2013. Impact of tumour

associated macrophages in pancreatic cancer. BMB Rep.

46(3):131–138.

61. Strasser, D., K. Neumann, H. Bergmann, M. J. Marakalala,

R. Guler, A. Rojowska, K. P. Hopfner, F. Brombacher, H.

Urlaub, G. Baier, et al. 2012. Syk kinase-coupled C-type

lectin receptors engage protein kinase C-s to elicit Card9

adaptor-mediated innate immunity. Immunity 36(1):

32–42.

K. Kodar et al. TDB differentially alters macrophage phenotype

© 2017 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 513



SUPPORTING INFORMATION

Additional supporting information may be found in the

online version of this article at the publisher’s web-site.

Figure SI1. TDB induces the production of cytokines in M-

CSF differentiated bone marrow macrophages. BMMs from

WT bone marrow were differentiated over 8 days using M-

CSF followed by stimulation with 40mg/mL TDB, or 100 ng/

mL LPS as positive control. Levels of IL-1b, IL-6, and TNFa

were measured by the ELISA from supernatant at 48 h.

Mean� SEM of triplicate samples from one experiment are

shown. �P� 0.05; ����P� 0.001 (1-way ANOVA).
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