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Macrophage IL-13 Secretion
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Abstract— The tumour microenvironment predominantly consists of macrophages with
phenotypes ranging from pro-inflammatory (M1-like) to anti-inflammatory (M2-like). Tre-
halose-6,6'-dibehenate (TDB) displays moderate anti-tumour activity and stimulates M 1-like
macrophages via the macrophage inducible C-type lectin (Mincle) resulting in IL-13 pro-
duction. In this study, we examined if monosodium urate (MSU), a known vaccine adjuvant,
can boost IL-13 production by TDB-stimulated macrophages. We investigated the effect of
MSU/TDB co-treatment on IL-13 production by GM-CSF (M1-like) and M-CSF/IL-4 (M2-
like) differentiated mouse bone marrow macrophages (BMMs) and found that MSU/TDB co-
treatment of GM-CSF BMMs significantly enhanced IL-1{3 production in a Mincle-
dependent manner. Western blot analysis showed that increased IL-1[3 production by GM-
CSF BMMs was associated with the induction of pro-IL-1f3 expression by TDB rather than
MSU. Flow cytometry analysis showed that MSU/TDB co-stimulation of GM-CSF BMMs
led to greater expansion of CD86"&"/MHC II"€" and CD86'°*/MHC II'™ subpopulations;
however, only the latter showed increased production of IL-1[3. Together, these findings
provide evidence of the potential to use MSU/TDB co-treatment to boost IL-1{3-mediated
anti-tumour activity in M 1-like tumour-associated macrophages.
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INTRODUCTION

The use of adjuvants in cancer vaccines has in-
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creased significantly due to their ability to trigger a
robust innate immune response in the tumour microen-
vironment, enhance anti-tumour activity and overcome
immune tolerance [1, 2]. A desirable attribute of a
vaccine adjuvant is targeted activation of innate im-
mune cells such as macrophages and dendritic cells in
a manner that boosts innate immune responses, in-
creases antigen presentation capacity and enhances
adaptive immunity [1-4].

Macrophages account for more than half the popula-
tion of tumour invading cells [5]. Macrophages in the tu-
mour microenvironment display phenotypes on a spectrum
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ranging from pro-inflammatory (M1-like) to anti-
inflammatory (M2-like) [6]. M1-like macrophages cause
acute inflammation and are often associated with anti-
tumour activity. Conversely, M2-like macrophages can be
immunosuppressive, contribute to immune tolerance and
promote tumour progression [7]. Hence, many current strat-
egies in immunotherapy target either M 1-like macrophages
to increase the tumour immune response [8—10] or M2-like
macrophages to dampen anti-inflammatory function and/or
skew them towards a pro-inflammatory phenotype [11, 12].

Trehalose-6,6"-dimycolate (TDM) is a component of
the mycobacterial cell wall [13] that induces a pro-
inflammatory IL-1{3 response in macrophages via recogni-
tion by the macrophage inducible C-type lectin receptor
(Mincle, Clecde or Clecf9) [14—-16]. TDM is also known to
exhibit anti-cancer activity [17—19], as are related trehalose
glycolipids [20, 21] including trehalose-6,6'-dibehenate
(TDB) [22, 23], a synthetic analogue of TDM which in-
duces inflammatory macrophage phenotypes in association
with IL-13 production [15, 24, 25].

Monosodium urate crystals (MSU), a damage-
associated molecular pattern (DAMP), are widely
recognised as an innate adjuvant that boosts immune re-
sponses through the activation of the NLRP3
inflammasome to generate the active form of IL-1[3, which
is followed by release [26-28]. MSU has been shown to
enhance the anti-tumour effects of Mycobacterium
smegmatis in association with a local increase in IL-1f3
levels [29], while treatment with uric acid can enhance
tumour rejection, potentially through the stimulation of
antigen presenting cells (APCs) [30, 31]. Plasma uric acid
levels also appear to be associated with a better prognosis
in colon cancer patients [32, 33].

Previously, we have shown that TDB differentially
modulates M1-like and M2-like macrophage phenotype
and function [23]. In this study, we investigated the adjuvant
effect of MSU co-stimulation with TDB on the phenotypes
of GM-CSF (M1-like) and M-CSF/IL-4 (M2-like) macro-
phages in vitro. We found that MSU in combination with
TDB significantly enhanced the pro-inflammatory profile of
the M1-like macrophage phenotype, as illustrated by in-
creased IL-1f3 release compared to MSU or TDB alone.

MATERIALS AND METHODS

Mice

All experimental mice were housed in the animal
facility at the Malaghan Institute of Medical Research,
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Wellington, New Zealand. The mice used for the experi-
ments were aged between 8 and 12 weeks. All experimen-
tal procedures were approved by the Victoria University
Animal Ethics Committee in accordance with their guide-
lines for the care of animals (protocol nr 22371).

Mouse Bone Marrow-Derived Macrophage Assay

Macrophages were isolated from the femurs and
tibia of C57BL/6 wild-type or Mincle” mice as
previously described [23]. BMMs were plated at a
concentration of 250,000 cells/mL in complete RPMI
media (RPMI (Gibco), 10% FBS, 100 units/mL penicil-
lin-streptomycin). Macrophages were differentiated in
the presence of 50 ng/mL GM-CSF (Peprotech) or
10 ng/mL M-CSF (Peprotech) with 10 ng/mL IL-4
(Peprotech) for 8 days (37 °C, 5% CO,) [34, 35]. On
day 8, media was removed and replaced with fresh
complete RPMI media and cells were stimulated with
either 40 pg/mL TDB (5 mg/mL stock in DPBS and 2%
DMSO) or MSU (12 pg/mL or 25 pg/mL in DPBS) or
both TDB and MSU together. TDB [36] and MSU [37]
were prepared according to previously published proto-
cols and determined to be endotoxin free (<0.1 EU/mL)
by using the Pierce™ LAL Chromogenic Endotoxin
Quantitation Kit (Thermo Scientific™). LPS (100 ng/
mL) stimulation was used as a positive control. Super-
natants and cell lysates were collected 6, 12, or 24 h
after stimulation. Supernatants and cell lysates were
stored at — 80 °C until further analysis.

IL-13 Expression

IL-13 cytokine levels were measured in the superna-
tants using sandwich ELISA (R&D Systems) following
manufacturer’s instructions.

Western Blot

Total protein was extracted from cell lysates (12 h
post-stimulation) using 1% IGEPAL® lysis buffer
(Sigma) containing protease inhibitor (Complete tab-
lets, Roche) and phosphatase inhibitors (PhosSTOP,
Roche). Proteins (25 pg protein/sample) were separated
on a 10% SDS-PAGE gel and transferred to a
polyvinylidene difluoride (PVDF; BioRad) membrane
by wet blotting. The blots were probed with antibodies
against IL-13 (mouse specific, D3H1Z from Cell Sig-
nalling) and (3-actin (Cell Signalling). Protein expres-
sion was detected using anti-rabbit IlgG-HRP (Cell Sig-
nalling) followed by development with SuperSignal
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West Femto Substrate (Thermo Scientific) and imaged RESULTS AND DISCUSSION

with Amersham Imager 600. Protein band intensities

were quantified using the Amersham Imager software

as well as Imagel. IL-1$3 Production Is Increased in GM-CSF BMMs
Stimulated with MSU/TDB

Flow Cytometry Stimulation of mouse macrophages with TDB acti-
vates the NLRP3 inflammasome and induces the expres-

Macrophages were analysed 24 h post- sion of IL-1(3 [24, 25]. The enhanced anti-tumour activity
stimulation by flow cytometry (BD FACSCANTO of MSU/M. smegmatis combined treatment is also reported
II). Non-specific epitopes were blocked with anti- to be associated with increased IL-13 expression in
mouse CD16/32 antibody (2.4G2). Fluorescently la- tumour-bearing mice [29]. We therefore tested the effect
belled antibodies were used to measure surface ex- of MSU and TDB co-treatment on IL-1B production by
pression of I-A/I.E MHC II (BioLegend), CDIIb,  GM-CSF and M-CSF/IL-4 differentiated BMMs. MSU/
CD86 (BD Biosciences Pharmingen) and Mincle TDB co-treatment triggered a significant increase in IL-
(MBL International) with Streptavidin-APC (BD Bio- 1B production by GM-CSF BMMs treated with MSU/
sciences Pharmingen). TDB compared to either MSU or TDB alone at 12 h and

For intracellular staining of IL-13, the GM-CSF 24 h (Fig. la). Neither MSU nor TDB, alone or in combi-
BMMs were stimulated with MSU, TDB or MSU/TDB nation, induced IL-1p production by M-CSF/IL-4 BMMs
and treated with 1 uM GolgiPlug (BD) 4 h after stimulation (Fig. 1b). These results indicate that MSU and TDB to-

to block the secretion of IL-1{3. Cells were harvested at gether preferentially enhance IL-1p secretion from macro-
24 hj stained for cell surfape markers, fixed (forr'nglin phages with a pro-inflammatory rather than anti-
solution, neutral buffered; Sigma-Aldrich), permeabilized inflammatory phenotype.

(0.1% Saponin buffer) and stained with anti-IL-1{3 anti- Several current anti-cancer treatments aim to boost
body (R&D Systems). the pro-inflammatory macrophage phenotype and cause an

increase in the production of pro-inflammatory cytokines
such as IL-1[3 [10, 29, 38]. Accordingly, pro-inflammatory

Statistics macrophages in tumours are an attractive target for cancer
Statistical analysis to measure significant differences treatment and provide a mechanism for raising an anti-
was carried out using Prism v7 software (GraphPad) either tumour immune microenvironment [7]. The enhanced ef-
by one-way ANOVA or two-way ANOVA with Bonferroni fect of MSU/TDB on IL-1f3 production by GM-CSF
post hoc test. BMM s could therefore indicate utility as a potential cancer
a GM-CSF b M-CSFI/IL-4
1200+ 1200+ - Control
4 12MsU
< 25MsU
= 800- » T 800 = 108
£ £ - 12MSU+TDB
= = - 25MSU+TDB
. a
2 400 = 400 £ LPS
0 - —0 ol ‘ﬂ/f//—{:
0 5 10 15 20 0 5 10 15 20
Time (h) Time (h)

Fig. 1. MSU enhances IL-1{3 expression in TDB stimulated GM-CSF BMMs a GM-CSF and b M-CSF/IL-4 BMMs were stimulated with MSU (12 pg/mL
or 25 pg/mL) or TDB (40 pg/mL) or both together and IL-13 was measured by ELISA after 6, 12, 24 h. Mean + SEM for triplicate values from three
independent experiments are shown. LPS was used as a positive control. One-way ANOVA with Bonferroni post hoc test was used for statistical analysis
(compared to TDB), where *p < 0.05, *##*p <0.0001 were considered significantly different.
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treatment by creating an acute pro-inflammatory tumour
environment.

Mincle-Dependent TDB Priming of GM-CSF BMMs
for Enhanced MSU/TDB IL-1f3 Production

Classical IL-13 production typically involves a two
signal process: a priming step usually initiated by
pathogen-associated molecular pattern (PAMP) exposure
and which generates pro-IL-1[3; and a second stimulatory
signal that activates the inflammasome to generate the

a
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IL-18 [pg/mL]

5001

Wahi, Kodar, McConnell, Harper, Timmer, and Stocker

active form of IL-1§3 [39]. As there is evidence that TDB
activates the NLRP3 inflammasome [25], our observation
that TDB leads to IL-1f3 expression is likely the result of
TDB being able to induce both priming (pro-IL-13 pro-
duction) and conversion of pro-IL-1 to IL-1f3 via
inflammasome activation. To this end, we found that treat-
ment of GM-CSF BMMs with either TDB or MSU/TDB
induced pro-IL-1[3 expression, while MSU treatment alone
did not alter pro-IL-1{3 expression in GM-CSF BMMs
(Fig. 2a). There was no significant difference in the band
intensities between TDB alone and TDB/MSU treatment.

b
-

Pro-IL-1

Fig. 2. TDB, but not MSU, primes GM-CSF BMMs for IL-13 expression in a Mincle-dependent manner. Pro-IL-1[3 and cleaved IL-1{3 detected by Western
blot in cell lysates from a GM-CSF WT BMMs, b M-CSF/IL-4 WT BMMs stimulated with 12, 25 pg/mL MSU or 40 pg/mL TDB or together at 12 h.
Representative graphs shown from three independent experiments ¢ IL-1( expression in GM-CSF WT and Mincle ”~ BMMs 24 h post-stimulation. Mean +
SEM for triplicate values from three independent experiments are shown. Two-way ANOVA with Bonferroni post hoc test was used for statistical analysis,
where *##p < 0.001 and **#%p < 0.0001 were considered significantly different d GM-CSF Mincle ’~ BMMs cell lysates analysed for pro-IL-1p expression

by Western blot.
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These results confirm that TDB and not MSU provides the analogues such as TDB [14-16]. We therefore compared

priming signal that induces pro-IL-1{3 expression in GM- pro- and active IL-1(3 production by GM-CSF BMMs
CSF BMMs. TDB did not induce pro-IL-1[3 expression in derived from WT and Mincle knockout (Mincle ) mice.
M-CSF/IL-4 BMMs (Fig. 2b). GM-CSF Mincle”~ BMMs treated with TDB or MSU/

Mincle, a C-type lectin receptor, is expressed on TDB released significantly less IL-13 compared to the

myeloid cells and recognises PAMPs, DAMPs and their wild-type control (Fig. 2¢). Consistent with this, Western

a Control MSU TDB MSU+TDB
Q1 Q2 Q1 Q2 Q1 Q2 Q1 Q2
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Fig. 3. MSU/TDB stimulation of GM-CSF BMMs leads to the expansion of CD86™¢"/MHC 1I"&%Mincle'®*/IL-1B'°" and CD86'°*/MHC II'°¥/Mincle"&"/
IL-1B"2" subpopulations. a Representative dotplots of the expression of intracellular IL-1{3 and cell surface CD86 by GM-CSF BMMs stimulated with either
MSU (25 pg/mL), TDB (40 pg/mL) or MSU and TDB together for 24 h measured by flow cytometry. Histograms of the expression of intracellular IL-1(3,
cell surface Mincle and MHC 1I in Q1 (IL-1B"€"CD86'°") (b) and Q3 (IL-1B'°¥/CD86"&") (c). Representative graphs shown from two independent
experiments run in triplicate.
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blot analysis showed that Mincle "~ BMMs did not express
pro-IL-1f3 following TDB treatment with or without the
co-administration of MSU (Fig. 2d). These results indicate
that the interaction between Mincle and TDB is required to
prime the BMMs leading to the elevated IL-1(3 response
observed after MSU treatment.

While previous work has investigated TDB-induced
inflammasome activation, the macrophages were primed
with LPS prior to TDB stimulation [25]. We have shown
that TDB can prime pro-inflammatory murine macrophages
to produce IL-13, irrespective of the presence of MSU, and
that Mincle is required to induce this priming effect by TDB.
As TDB alone can trigger IL-1[3 release, it follows that TDB
is capable of delivering both signal one and signal two
required for IL-1f3 activation. The enhanced IL-1[3 produc-
tion observed following combined MSU/TDB treatment,
however, indicates that MSU triggers a significantly stronger
second signal that boosts inflammasome activation and in-
creases cleavage of pro-IL-1(3.

Effect of MSU/TDB Stimulation on Cell Surface Phe-
notype of GM-CSF BMMs

In vitro GM-CSF-derived BMMs have been described
as being composed of a mix of dendritic cells (DCs) and
macrophage populations that respond differentially to the
inflammatory stimulus LPS [40, 41]. The activation of anti-
gen presenting cells such as DCs is commonly associated
with an increase in the expression of cell surface markers
such as CD86 [42, 43]. Flow cytometry analysis of the GM-
CSF BMMs treated with MSU, TDB or MSU/TDB identi-
fied two subpopulations of cells: CD86'""/IL-13"" and
CDS86"EIL-1B"Y (Fig. 3a). The CD86'/ IL-1pMeM
subpopulation was Mincle™ and MHCIT'Y (Fig. 3b), where-
as the CD86MEYIL-1p"" subpopulation was found to be
Mincle” and MHCII"" (Fig. 3c). These results therefore
show that stimulation of GM-CSF BMMs with MSU, TDB
or MSU/TDB drives the development of DC and macro-
phage subpopulations with potentially two distinct function-
al phenotypes. A macrophage subpopulation (CD86'"/
Mincle*/MHCII'"/IL-13"&") responsible for immune-
boosting IL-13 production, alongside a population
(CD86™E"Mincle /MHCII™IL-1p'") exhibiting a more
classical APC phenotype.

In summary, this study demonstrates that TDB used in
combination with MSU can enhance the acute inflamma-
tory profile of a mixed population of GM-CSF differenti-
ated macrophages and DC-like APCs. By activating the
DC-like population alongside triggering elevated IL-1f3
production, MSU/TBD co-treatment has the potential to

Wahi, Kodar, McConnell, Harper, Timmer, and Stocker

enhance the presentation of local tumour-associated anti-
gens and anti-tumour immune responses. Previous work
indicates that the induction of acute IL-1{-driven inflam-
mation in the tumour microenvironment may also be ben-
eficial in limiting tumour growth [10, 29, 38]. As such, the
ability to enhance the proinflammatory profile of tumour
macrophages through TDB/MSU co-treatment represents a
potential mechanism for macrophage-mediated suppres-
sion of tumour growth.
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