
Vol.:(0123456789)1 3

Cancer Immunology, Immunotherapy (2018) 67:1731–1742 
https://doi.org/10.1007/s00262-018-2234-9

ORIGINAL ARTICLE

Beta-glucan-induced inflammatory monocytes mediate antitumor 
efficacy in the murine lung

Matthew P. Alexander1,2  · Steven N. Fiering1,2  · Gary R. Ostroff4  · Robert A. Cramer1  · David W. Mullins1,2,3 

Received: 5 October 2017 / Accepted: 13 August 2018 / Published online: 23 August 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
β-Glucan is a naturally occurring glucose polysaccharide with immunostimulatory activity in both infection and malignancy. 
β-Glucan’s antitumor effects have been attributed to the enhancement of complement receptor 3-dependent cellular cytotoxic-
ity, as well as modulation of suppressive and stimulatory myeloid subsets, which in turn enhances antitumor T cell immunity. 
In the present study, we demonstrate antitumor efficacy of yeast-derived β-glucan particles (YGP) in a model of metastatic-
like melanoma in the lung, through a mechanism that is independent of previously reported β-glucan-mediated antitumor 
pathways. Notably, efficacy is independent of adaptive immunity, but requires inflammatory monocytes. YGP-activated 
monocytes mediated direct cytotoxicity against tumor cells in vitro, and systemic YGP treatment upregulated inflammatory 
mediators, including TNFα, M-CSF, and CCL2, in the lungs. Collectively, these studies identify a novel role for inflamma-
tory monocytes in β-glucan-mediated antitumor efficacy, and expand the understanding of how this immunomodulator can 
be used to generate beneficial immune responses against metastatic disease.
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Abbreviations
β-Glucan  β-1,3 Backbone of d-glucose with β-1,6 

branches of variable length and complexity
CR3  Complement receptor 3
DT  Diphtheria toxin
iC3b  Inactivated complement component 3b
Mφ  Macrophages
Mo  Monocytes
mHIF1α−/−  Myeloid-specific knockout of HIF1α

TII  Trained innate immunity
YGP  Yeast-derived β-glucan particles

Introduction

β-Glucan is a biological response modifier with defined 
immunomodulatory properties [1]. It is a glucose polymer 
that naturally occurs in the cell walls of many fungi, yeast, 
seaweed, some bacteria, and some cereal grains. The most-
studied immunoactive structure of β-glucan is a β-1,3 back-
bone of d-glucose with β-1,6 branches of variable length 
and complexity (hereafter, β-glucan) [2]. The myriad pos-
sible sources and preparations of β-glucan produce a diverse 
range of reported immunostimulatory activities, including 
protective effects against both infection [3] and malignancy 
[2]; however, the immunologic mechanisms that mediate 
antitumor immunity remain to be fully understood [4].

The most well-characterized mechanism of β-glucan-
mediated antitumor efficacy acts through the receptor for 
complement-component 3 (CR3) to induce neutrophil or 
NK cell cytotoxic activity against tumors opsonized with 
inactivated complement component 3b (iC3b) [5, 6]. CR3 
is expressed by many myeloid cells and NK cells, and its 
dual ligation by small, soluble β-glucan fragments and 
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iC3b leads to cytotoxic granule release and/or phagocytosis 
by neutrophils and/or NK cells [5, 6]. β-Glucan enhances 
CR3-mediated killing of tumors with bound iC3b from 
naturally occurring Ab [6], and combining β-glucan with 
complement-fixing antitumor mAb enhances this activity 
in mouse tumor models [5] and humans [7]. Apart from one 
study reporting a failure of therapy in SCID mice [8], the 
antitumor efficacy of β-glucan has not been assessed in an 
Ab-deficient setting.

Recently, additional β-glucan-mediated antitumor effects, 
mediated through the C-type lectin receptor Dectin-1, have 
been reported; in these studies, β-glucan treatment alters the 
balance of stimulation vs. immunosuppression in ways that 
are beneficial to antitumor immune outcomes. For example, 
yeast β-glucan was shown to: improve the activation of DCs, 
generating superior T-cell stimulating APC [9]; convert sup-
pressive M2 macrophages (Mφ) into stimulatory M1 Mφ 
[10]; and modulate the suppressive capacity of granulocytic 
and monocytic MDSCs [11, 12]. Bacterial β-glucan was 
shown to stimulate the conversion of Tregs into inflamma-
tory Th17 cells [13, 14]. These studies implicate enhanced T 
cell immunity, likely an outcome of β-glucan’s signaling and 
activation of innate cells, as the proximal cause for β-glucan-
induced antitumor immune responses; however, prior studies 
have not evaluated the potential direct role that innate cells 
may play in mediating adaptive-independent antitumor cyto-
toxic functions in response to β-glucan stimulation, includ-
ing the potential role of monocytes (Mo).

Mo have been the focus of a recently described, β-glucan-
mediated phenomenon termed trained innate immunity 
(TII), whereby β-glucan generates a primed state in innate 
immune cells that renders them more responsive to a sub-
sequent, nonspecific stimulus [15]. TII was shown to medi-
ate protection against infectious challenge and was associ-
ated with an altered metabolic state upon β-glucan priming, 
analogous to the well-characterized metabolic shift in acti-
vating lymphocytes [16]. TII’s metabolic shift was shown 
to be mediated by a Dectin-1-Akt-mTOR-HIF1α pathway, 
and interference with any of these components disrupted the 
effect [17]. While TII was elegantly demonstrated in infec-
tion models, it is not known whether these pathways are 
involved in β-glucan’s antitumor efficacy.

Therefore, we used a well-characterized murine tumor 
model [18] to assess the immunologic mechanisms under-
lying yeast-derived β-glucan particle (YGP)-mediated anti-
tumor immunity. Our studies identify a novel role for inflam-
matory Mo in β-glucan-mediated antitumor efficacy, and 
suggest this immunomodulator may be useful as an adjuvant 
to enhance immune responses against metastatic disease.

Materials and methods

Cell lines

B16.F10 cells (CRL-6475) were obtained from ATCC, 
then expanded and cryopreserved to create individual ali-
quots for each study. B16.F10-luciferase cells were a gift 
from Dr. Yina Huang (Dartmouth); briefly, Click beetle 
green luciferase was cloned into an MSCV-based retro-
virus (pCMV2.1, a gift from Dr. Bill Sha [UC Berkeley]) 
and packaged in 293T cells; viral supernatants were used 
to transduce B16.F10 melanoma cells followed by selec-
tion with 2 μg/ml puromycin (InvivoGen, San Diego, CA). 
All tumor cells were maintained in cRPMI [RPMI-1640 
medium (Hyclone/GE Healthcare Life Science, Pittsburgh, 
PA) containing 10% FBS (Gemini Bio Products, Sacra-
mento, CA) and 1.5% HEPES (Thermo Fisher Scientific, 
Waltham, MA) buffer] at 37 °C and 5% CO2.

Animals and tumor model

C57BL/6J (stock no. 000664) and  CCR2−/− mice (stock 
no. 004999) mice were from Jackson Laboratories (Bar 
Harbor, ME). CCR2.DTR mice [16] were a gift from Dr. 
Tobias Hohl (Memorial Sloan Kettering Cancer Center). 
Myeloid-HIF1α−/− mice (LysM-Cre floxed-HIF1α exon 2) 
[17, 19] were bred in house at Dartmouth. All animals 
were maintained in standard, specific pathogen-free hous-
ing conditions, and 8–12 week old mice were used for 
all studies. Metastatic-like melanoma in the lungs was 
induced by injection of 3 × 105 B16.F10 melanoma cells, 
as described [20].

Reagents

YGP was generated from Saccharomyces cerevisiae, as 
described [21]. Dry glucan particles were resuspended to 
10 mg/mL in sterile PBS and injected in 100 μL (1 mg) 
i.p. on days −7 and −4, relative to tumor challenge (day 0).

Depleting antibodies against NK cells (αNK1.1, clone 
PK136) and neutrophils (αLy6G, clone 1A8) were pur-
chased from Bio X Cell (West Lebanon, NH). For deple-
tions, 50 μg/mouse αNK1.1 was administered i.p. on days 
− 6 and − 2 in 200µL PBS, or 200 μg/mouse. αLy6G was 
administered i.p. on days − 8, −6, −4, and − 2 in 200 μL 
PBS.

Rapamycin (Sigma Aldrich, St Louis, MO; cat no. 
R0395) was dissolved in vehicle [0.2% carboxymethyl-
cellulose (SigmaC-5013, high viscosity) and 0.25% pol-
ysorbate 80 (Sigma P-8074) in PBS]. Rapamycin was 
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administered i.p. in 200 μL of 0.4 mg/mL solution; mice 
were treated every 2 days beginning day − 9, as described 
[22]. Diphtheria toxin (DT); (List Biological Laborato-
ries, Campbell, CA; cat no. 150) was administered to mice 
i.p. on days − 8, − 6, and − 4 at a dose of 2 ng/g of body 
weight [16].

RNA extraction and tyrosinase qPCR

RNA from the left lung was generated and reverse-tran-
scribed, as described [18]. Tyrosinase gene expression was 
quantified by qPCR using master mix and pre-validated 
gene-specific TaqMan primers (Thermo Fisher), then ana-
lyzed on a StepOne Plus instrument (Applied Biosystems). 
Tyrosinase (Thermo Fisher Mm00453201_m1) was normal-
ized to GAPDH (Thermo Fisher Mn99999915_g1) or β-actin 
(Thermo Fisher Mm02619580_g1), and fold-expression data 
were analyzed using the ΔΔCt method.

Flow cytometry

Perfused right lungs were dissociated into single-cell sus-
pensions and stained, as described [18]. Prior to staining, 
cells were Fc blocked with αCD16/32 (clone 93, BioLeg-
end, San Diego, CA), then incubated with indicated anti-
bodies for 30 min at 4 °C in the dark. Antibodies specific 
for mouse CD45 (clone 30-F11), CD11b (clone M1/70), 
Ly6C (clone HK1.4), Ly6G (clone 1A8), CD4 (GK1.5), and 
CD8 (53 − 6.7) were obtained from Biolegend (San Diego, 
CA). Live/dead fixable violet cell stain was obtained from 
Thermo-Fisher. Data were acquired with a MacsQuant 10 
cytometer (Miltenyi) and analyzed using FlowJo (Ashland, 
OR) software.

Cytotoxicity assay

Mo were isolated from bulk C57BL/6J BM utilizing the 
Mouse Monocyte Isolation kit (Miltenyi, cat no. 130-100-
629), then were trained in vitro with β-glucan, based on 
published methods [23]. Briefly, Mo were plated at 1 × 106 
cells/mL in 10 mL Mo media (RPMI with 10% FBS, 55 µM 
2-mercaptoethanol, 1× HEPES, 1 mM sodium pyruvate, 
1x penicillin/streptomycin, and 2 mM l-glutamine) and 
stimulated for 24 h with RPMI or 5 µg/mL β-glucan. After 
24 h, cells were washed and rested for 3 days in Mo media, 
activated with 10 ng/mL LPS for 24 h, then harvested and 
washed for plating with target cells. B16.F10-luciferase were 
plated 2 × 103 cells/well in a 96-well opaque white plate, 
then rested for 6 h in a 37 °C and 5%  CO2 in cRPMI plus 
2 µg/mL puromycin. After 6 h, media was changed to Mo 
media, and Mo were plated at 2 × 105 cells/well, 200 µL total 
volume per well. Plates were incubated at 37 °C 5%  CO2 
for 24 h, control lysis wells were lysed with Lysis solution 

from the CytoTox 96 kit (Promega, Madison, WI; cat no. 
G1780), and 50 μL of 200 µg/mL luciferin (in PBS) was 
added to each well, incubated at 37 °C for 30 min, then 
luminescence was read on a Molecular Devices (Sunnyvale, 
CA) SpectraMax i3x. Percent specific lysis was calculated 
using the formula: (1-percent viability) × 100, where percent 
viability was calculated as the [luminescence of the experi-
mental sample minus background (luminescence of lysed 
target cells)], divided by [maximum viability (luminescence 
of unlysed target cells) minus background] [24].

Multiplex protein assays

Perfused lungs were homogenized with a rotor–stator 
homogenizor in T-PER buffer (Thermo Fisher cat no. 78510) 
supplemented with protease inhibitor tablets (Roche, Man-
nheim, DE; cat no. 11697498001) and Y-30 antifoam (Sigma 
Aldrich cat no. A6457). The T-PER protocol was followed 
for protein isolation. Blood was collected in heparinized 
microcentrifuge tubes and centrifuged at 1125×g for 10 min, 
with the supernatant then centrifuged at 1825×g for 10 min, 
and the plasma collected again. Cytokine concentrations 
were normalized to total protein quantified with the Pierce 
BCA Protein Assay Kit (Thermo Fisher cat no. 23225). The 
Luminex was performed using the EMD-Millipore (Bill-
erica, MA) mouse 32-plex kit.

Statistics

Graphing and statistical analyses were performed using 
GraphPad Prism software (La Jolla, CA). Data are pre-
sented as means ± standard deviation. Data for experimen-
tal groups were compared using the Mann–Whitney U test. 
Statistical significance is indicated as *p < 0.05, **p < 0.01. 
***p < 0.001. ****p < 0.0001. Data are representative of at 
least 2 independent experiments.

Results

β‑Glucan mediates antitumor efficacy in a model 
of metastatic melanoma

To evaluate the effect of β-glucan priming in our model of 
metastatic melanoma, we utilized a prophylactic treatment 
protocol [17] (schema in Fig. 1a) with YGP β-glucan. In 
lungs 14-days post-tumor challenge, visible tumor burden 
was reduced by YGP treatment (Fig. 1b). YGP treatment sig-
nificantly (p < 0.05) reduced tyrosinase expression in lungs 
[25], compared to PBS-treated controls (Fig. 1c). To dis-
count the possibility that the observed differences in tumor 
burden were due to a defect in initial tumor engraftment, we 
evaluated tyrosinase expression 2 h post-tumor challenge, by 
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which time B16 is known to have efficiently engrafted the 
lung [26]; there was no difference in tyrosinase expression 
(Fig. 1d), discounting the hypothesis that β-glucan treatment 
influences initial tumor engraftment.

While β-glucan-mediated antitumor efficacy was apparent 
in a long-term study, it remained uncertain whether β-glucan 
priming was impacting early stages of tumor development. 
Therefore, we evaluated tumor burden 48 h post-tumor 
challenge. We observed a significant (p < 0.05) reduction in 
tumor burden in YGP-treated mice at 48 h (Fig. 1e), indicat-
ing that β-glucan-induced immunologic anti-tumor activity 
occurs rapidly after tumor engraftment. Consequently, these 
data suggested an innate immune-mediated mechanism.

β‑Glucan induces an early accumulation of myeloid 
cells in the lung

To gain insight into the immune cells responsible for 
β-glucan’s antitumor efficacy in our model, we assessed 
changes in lung immune cellularity. Our gating strategy 
for flow cytometry (Fig. 2a) discriminated singlets and 
live  CD45+ cells, which we analyzed for either CD4 and 
CD8 expression to evaluate T cell populations, or CD11b 
and subsequently Ly6C and Ly6G expression to evalu-
ate myeloid populations. Consistent with prior reports, 

we defined  CD11b+Ly6G−Ly6Chi cells as inflammatory 
Mo,  CD11b+Ly6G+Ly6Cmid cells as neutrophils, and 
 CD11b+Ly6C−Ly6G− cells as  Ly6C− Mo/Mφ [27].

YGP treatment alone (no tumor) induced an accu-
mulation of neutrophils (p < 0.05), a strongly trending 
increase in inflammatory Mo (p = 0.057), and a trend 
towards increased  Ly6C−Mo/Mφ, in the lungs compared 
to PBS-treated mice. In contrast, we observed no differ-
ences in CD4 or CD8 T cell numbers in this treatment 
group (Fig. 2b). Introduction of tumor did not substantially 
change the pattern of cellular accumulation at 2 h post-
tumor challenge, with significant increases (p < 0.05) in 
neutrophils, inflammatory Mo, and  Ly6C−Mo/Mφ, and no 
changes in T cell numbers, in YGP-treated mice (Fig. 2c 
and Supplemental Fig. 1a). At both 0 h (without tumor) 
and 2 h post-tumor, cellularity in the spleen mirrored the 
lung (data not shown), indicating that β-glucan’s effect 
on myeloid cells was not restricted to the lung. By the 
terminal 14-day time point, treatment-induced changes in 
myeloid populations had contracted, and no differences 
in neutrophils or Mo were observed (Fig. 2d and Supple-
mental Fig. 1b). However, CD4 and CD8 T cell numbers 
were significantly (p < 0.05) decreased (Fig. 2d), perhaps 
consequent to reduced tumor burden. Together, these 
data demonstrate an early and transient β-glucan-induced 

Fig. 1  β-Glucan mediates 
antitumor efficacy in a model of 
metastatic melanoma. a Experi-
mental scheme: C57BL/6J mice 
were given β-glucan (YGP) i.p. 
on days − 7 and − 4, and chal-
lenged with 3 × 105 B16.F10 i.v. 
on day 0. Tumor burden was 
evaluated at various timepoints 
up to 14 days after tumor chal-
lenge; b Lung photos at day 14; 
c Tyrosinase qPCR of total lung 
RNA of lungs shown in b, plus 
non-tumor bearing control lungs 
not pictured; d Mice treated 
as in a. Tyrosinase qPCR of 
total lung RNA 2 h after tumor 
inoculation (as in a), plus non-
tumor bearing control lungs; e 
Tyrosinase qPCR of total lung 
RNA 48 h after tumor inocula-
tion (as in a), plus non-tumor 
bearing control lungs
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accumulation of myeloid cells in the lung, with compara-
tively little effect on T cells.

β‑Glucan stimulates inflammatory mediator 
expression in the lung and circulation

We next investigated the broad immune impact of β-glucan 
treatment, both in the lung environment and systemically, 
using a multiplex cytokine assay (Luminex) on lung 
homogenates and plasma of YGP-treated mice, both before 
and 24 h-post tumor challenge (Fig. 3). YGP treatment 
increased the levels of TNFα (Fig. 3a, p < 0.05) and CCL2 
(Fig. 3b, trending) in the lung and plasma, notably only 
in the presence of tumor. This is suggestive that β-glucan 

primes immune cells for enhanced activity in the pres-
ence of tumor. YGP treatment increased some cytokines, 
regardless of tumor, including IL-6 in plasma (Fig. 3c) 
and G-CSF in plasma and lung tissue (Fig. 3d). Interest-
ingly, YGP decreased circulating levels of M-CSF regard-
less of tumor presence, whereas M-CSF was increased in 
the lungs of tumor-bearing, YGP treated mice (Fig. 3e). 
YGP treatment had no impact on the immunomodulatory 
cytokine IL-10 in the lungs (Fig. 3f); IL-10 in serum was 
below the limit of detection. These data support the con-
cept that β-glucan primes the lung compartment with pro-
inflammatory cytokines that may enable rapid and effective 
innate responses to engrafting tumor cells, likely through 
the induction of Mo-mediated antitumor mechanisms.

Fig. 2  β-Glucan induces an early expansion of myeloid cells in 
the lung. Mice were treated as in Fig. 1a, and lungs were harvested 
at the indicated time point; the right lung was perfused and pro-
cessed into single-cell suspensions and stained for flow cytom-
etry. a Gating strategy to identify CD4 and CD8 T cells (live sin-
glet  CD45+CD11b+CD45+CD4+ or  8+), neutrophils (live singlet 
 CD45+CD11b+Ly6C−Ly6G+), inflammatory monocytes (live sin-

glet  CD45+CD11b+Ly6ChiLy6G−), and  Ly6C− Mo/Mφ (live singlet 
 CD45+CD11b+Ly6C−Ly6G−); b Total right lobe numbers of the 
indicated populations, without tumor inoculation; c Total right lobe 
numbers of each population at 2 h post B16 i.v. tumor challenge; d 
Total right lobe numbers of each population at 14  days post-tumor 
challenge. Each panel includes representative data from one of sev-
eral similar experiments with comparable results
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β‑Glucan‑mediated protection against metastatic 
melanoma does not require adaptive immunity, NK 
cells or neutrophils

While much of the literature reporting an antitumor effect 
of β-glucan has implicated Ab [5, 6, 28] or T cell activa-
tion [11, 29], no study has evaluated whether the therapeu-
tic effect is maintained in animals lacking B and T cells. 
To determine whether adaptive immunity contributes to 
β-glucan anti-tumor efficacy in our model, we assessed 
tumor development in YGP-treated RAG-deficient ani-
mals. Strikingly, the strong protective effect of YGP treat-
ment was maintained (Fig. 4a), and the quantification of 
tumor burden confirmed the reduction (Fig. 4b, p < 0.05), 

demonstrating an innate-intrinsic antitumor effect of 
β-glucan in our model.

NK cells have also been implicated in β-glucan-mediated 
antitumor effects, including studies that evaluated metastatic 
melanoma [30, 31]. To assess the role of NK cells in our 
model, we used specific depleting Ab, and confirmed deple-
tion by flow cytometry (data not shown). Although control 
mice had a lower baseline tumor engraftment in this study, 
the protective effect of YGP treatment was still apparent 
(Fig. 4c, d). Consistent with prior work [32], NK depletion 
dramatically increased baseline tumor engraftment, but YGP 
treatment reduced the visible tumor burden in NK-depleted 
mice (Fig. 4c) and modestly but consistently reduced tyrosi-
nase expression (Fig. 4d), suggesting that NK cells are not 

Fig. 3  β-Glucan stimulates inflammatory mediator expression in the 
lung and circulation. Mice were treated with β-glucan as in Fig. 1a, 
and plasma and total lung protein were harvested at day 0 (no tumor), 
and 24 h post B16 challenge. Samples were analyzed using a Milli-

pore mouse multiplex kit on the Luminex platform. Normalized pro-
tein concentrations shown for a TNFα; b CCL-2; c IL-6; d G-CSF; e 
M-CSF; and f IL-10. Measurements were normalized to total protein 
values obtained from a BCA total protein assay
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major contributors to the anti-tumor efficacy of β-glucan 
treatment.

Finally, neutrophils have been implicated in the antitu-
mor mechanism of β-glucan [33]. To assess their require-
ment for protective effect in our model, we depleted 
neutrophils using a Ly6G-depleting Ab, and confirmed 

depletion with flow cytometry (data not shown). YGP 
was equally protective against lung metastatic-like lesions, 
regardless of the presence of neutrophils (Fig. 4e, f). 
Thus, adaptive immunity is dispensable, at least in part, 
for β-glucan-mediated antitumor efficacy in our model of 
metastatic melanoma.

Fig. 4  β-Glucan-mediated protection against metastatic melanoma 
does not require adaptive immunity, NK cells or granulocytes. 
Mice were treated as in Fig.  1a, and lungs were harvested 14 days 
after i.v. B16 tumor challenge; a Lung photos from RAG −/− mice; b 
Tyrosinase qPCR of total lung RNA from RAG −/− lungs shown in a; 

c C57BL/6J mice were treated as in Fig.  1a, with some also given 
αNK1.1 Ab i.p. on days − 6 and − 2; d Tyrosinase qPCR of total lung 
RNA from lungs shown in c; e C57BL/6J mice were treated as in 
Fig. 1a, with some also given αLy6G Ab on days − 8, -6, -4, and − 2; 
f Tyrosinase qPCR of total lung RNA from lungs shown in e 
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β‑Glucan’s antitumor efficacy is independent 
of the mTOR‑HIF1α trained innate immunity (TII) 
mechanism

Recently, β-glucan has been shown to induce a primed 
state of innate immunity that responds more vigorously 
to a subsequent, non-specific stimulus. This phenomenon, 
termed TII, has been shown to be protective in infection 
models, though the potential role in β-glucan-induced 
antitumor immunity remains unknown. Therefore, we 
assessed whether β-glucan’s anti-tumor efficacy against 
metastatic-like lung tumors was mediated through a clas-
sical TII mechanism. First, we repeated our YGP treat-
ment and tumor challenge in mice with a myeloid-specific 
knockout of HIF1α (mHIF1α−/−) [19], shown to be required 
for Candida albicans β-glucan-induced TII in infection 
models [17]. We note here that our model utilized YGP 
from Saccharomyces cerevisiae [21]. Fourteen days after 
tumor challenge, YGP treatment reduced tumor burden in 
mHIF1α−/− mice, both by gross visual assessment and by 
tyrosinase expression (p < 0.05) (Supplemental Fig. 2a, b). 
Because mHIF1α−/− mice showed an impaired baseline 
engraftment compared to wild-type mice, we compared the 
average YGP-induced reduction in tumor burden between 
experiments with wild-type and mHIF1α−/− mice, and found 
that the fold-reduction in tumor burden in mHIF1α−/− mice 
exceeded that seen in wild-type mice (Supplemental Fig. 2c). 
Thus, there was no impairment of protection, despite the 
lower baseline engraftment, in mHIF1α−/− mice.

As HIF1α is downstream of mTOR, we assessed rapa-
mycin treatment as an alternative for the blockade  of TII 
activity. Rapamycin treatment failed to diminish β-glucan’s 
protective effect (Supplemental Fig. 2d, e), in conceptual 
concordance with the mHIF1α−/− data. Thus, we exclude 
classical TII mechanisms from a role in β-glucan’s anti-
tumor efficacy in our model.

Inflammatory monocytes are required for β‑glucan’s 
efficacy against metastatic melanoma, and β‑glucan 
enhances monocyte cytotoxicity against B16 in vitro

Inflammatory Mo were increased in the lungs of β-glucan-
treated mice, but no study has assessed the role of these 
cells in mediating the antitumor effects of β-glucan. Further, 
although Mo (and their derivative Mφs) are usually ascribed 
a pro-tumor role [31], a recent paper reported an antitumor 
effector role for inflammatory Mo in a murine melanoma 
model [32], further intriguing us as to the possible role of 
these cells. Therefore, we first utilized  CCR2−/− mice [34]; 
Mo from these donors are known to be deficient in egress 
from BM and trafficking to peripheral sites of inflamma-
tion. Whereas YGP treatment significantly (p < 0.05) 
reduced tumor burden in wild-type mice, it had no effect 

in  CCR2−/− animals, apparent visually and quantified by 
tyrosinase expression (Fig. 5a, b). To confirm the role of 
inflammatory Mo, we utilized inflammatory Mo-depleter 
mice, which express the DT receptor under the control of the 
CCR2 promoter [16]. We confirmed DT-mediated depletion 
of  Ly6Chi Mo by flow cytometry (data not shown). In accord 
with data from the  CCR2−/− model, β-glucan’s efficacy was 
abrogated in Mo-depleted mice. Curiously, Mo depletion 
resulted in higher baseline tumor engraftment in the lung; 
nevertheless, the tumor burden was unchanged in β-glucan 
treated animals (Fig. 5c, d).

We recognized that the anti-tumor activity of β-glucan-
induced Mo may be direct or indirect (including chemo-
tactic factor or proinflammatory cytokine production). To 
address whether Mo may be directly mediating antitumor 
effector functions, we adapted an in vitro cytotoxicity assay 
[35], using luciferase-expressing B16 (B16.F10-luciferase) 
as target cells, to quantify Mo-mediated cytotoxicity. 
In vitro YGP-stimulated BM-derived Mo (characterized 
as  CD45+CD11b+Ly6G−Ly6Chi by flow cytometry, data 
not shown) exhibited roughly twofold greater cytotoxic-
ity toward B16 cells, compared to control-stimulated Mo 
(Fig. 5e). These data demonstrate that β-glucan enhances 
Mo cytotoxicity toward B16 in vitro and support a previ-
ously unappreciated mechanism for β-glucan-induced tumor 
control, through Mo accumulation and activation in situ.

Discussion

We demonstrate a striking antitumor effect of particulate 
β-glucan (YGP) treatment in a murine model of pulmonary-
metastatic melanoma, independent of previously reported 
β-glucan antitumor mechanisms. These findings define a 
novel Mo-dependent mechanism by which β-glucan medi-
ates antitumor efficacy against metastatic disease in the 
lungs; further, whereas Mo and Mφ in the tumor micro-
environment are usually characterized as pro-tumor, we 
demonstrate the capacity of inflammatory Mo as antitumor 
effectors.

Prior literature has reported that β-glucan “decreased 
engraftment” or reduced metastasis [36], when in fact, the 
experiments (assessment of terminal tumor load) cannot dis-
tinguish between changes in engraftment and immune-medi-
ated tumor control. Our studies, showing that prophylactic 
β-glucan treatment led to a striking reduction in pulmonary 
tumor burden but no changes in engraftment, suggest an 
early innate immune-driven mechanism.

Of the reported mechanisms for β-glucan-mediated anti-
tumor efficacy, two prevail, and our data are inconsistent 
with both. First is the well-established mechanism by which 
β-glucan binds to and primes CR3 for enhanced phagocy-
tosis and cytotoxicity of iC3b-opsonized target cells [28, 
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Fig. 5  Inflammatory monocytes are required for β-glucan’s efficacy 
against metastatic melanoma, and β-glucan enhances monocyte cyto-
toxicity against B16 in  vitro. Mice were treated as in Fig.  1a, and 
lungs were harvested at day 14 post B16 i.v. a Day 14 lung photos 
from WT C57BL/6J or  CCR2−/− mice treated as in Fig. 1a, b Tyrosi-
nase qPCR of total lung RNA of lungs shown in a; c WT C57BL/6J 
or CCR2.DTR+/− mice were treated as in Fig.  1a, with the CCR2.
DTR mice also receiving DT i.p. on days − 8, − 6, and − 4. Day 14 

lung photos shown; d Tyrosinase qPCR of total lung RNA from lungs 
shown in c; e BM-derived monocytes were isolated and stimulated 
with either RPMI or β-glucan for 24 h, followed by a 3-day resting 
period, activated with LPS for 24 h, then plated with B16-luciferase 
for 24 h at a monocyte:B16 ratio of 100:1. After 24 h of co-culture 
luciferin was added and luminescence intensity determined. See 
methods for % lysis calculation
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37]. The primary CR3-expressing cell types reported to be 
responsible for this are NK cells and neutrophils, both of 
which were likely dispensable for the induction of antitu-
mor immunity in our model. In addition to CR3-expressing 
effector cells, this mechanism requires deposition of iC3b on 
tumor cells, and this is reported to require tumor-specific, 
complement-fixing antibody, either naturally occurring or 
administered as mAb [6, 28]. β-glucan’s efficacy in our stud-
ies is unaffected in RAG −/− mice that lack functional mature 
B cells. Unless B16.F10 has a ligand for Mannose Bind-
ing Lectin, which to our knowledge is not known, and iC3b 
deposition is being triggered in that manner, the CR3-iC3b 
mechanism of β-glucan antitumor efficacy is not likely to 
be involved in our model. It should be noted that the lectin-
binding site of CR3 binds soluble β-glucan fragments, while 
we used particulate YGP in our study; prior work has shown 
that glucan particles are phagocytosed and processed into 
smaller soluble fragments in the BM, and thereafter avail-
able to bind to and prime CR3 in the same manner as soluble 
fragments [38]. Thus, our use of particulate glucan cannot 
alone explain why the CR3-iC3b mechanism and its cellular 
effectors are not responsible for anti-tumor efficacy.

The other mechanism implicated in β-glucan-mediated 
anti-cancer efficacy is stimulation of antitumor T cell 
immunity. Many studies have documented the activation or 
enhancement of T cell immunity through the release of sup-
pression from MDSC, M2 Mφ, or Tregs, and the stimulation 
of DC to be more efficient APC [9–12, 39]. However, as with 
the requirement for Ab, our RAG −/− experiments clearly 
demonstrate the dispensability of T cells for β-glucan’s effi-
cacy in our model. To our knowledge, this is the first study 
reporting antitumor efficacy of β-glucan in RAG −/− mice, an 
important result given the central role that Ab and T cells 
play in the previously-reported mechanisms of β-glucan’s 
antitumor effects.

β-Glucan is known to prime cells for an enhanced 
response to nonspecific stimuli in a TII-like manner [40]. 
This is known to be protective against infection, and the 
mechanism was recently shown to involve a metabolic shift 
to aerobic glycolysis in trained cells, requiring elements of 
the Dectin-1-Akt-mTOR-HIF1α pathway, specifically in 
myeloid cells [17]. This mechanism of β-glucan-mediated 
protection has not been evaluated for involvement in 
β-glucan-mediated antitumor efficacy. Our study demon-
strated the maintenance of β-glucan’s antitumor efficacy in 
mHIF1α−/− mice, and in mice treated systemically with rapa-
mycin, both of which abrogated β-glucan’s protective effect 
in infection models. Thus, we found no evidence that the 
metabolic shift of TII is involved in our tumor model, how-
ever, we note the use of Saccharomyces cerevisiae-derived 
β-glucan [21] in our studies and Candida albicans-derived 
β-glucan in the TII models [17]. Dectin-1 is, however, 
known to activate distinct signaling pathways, including 

the canonical Syk-CARD9 pathway and the more recently 
described non-canonical Raf-1-Syk-independent pathway, in 
addition to the PI3K-Akt-mTOR-HIF1α signaling discussed 
above as the basis for TII [41, 42]. Thus, the mTOR-HIF1α 
TII pathway is not required for antitumor efficacy in our 
model, necessitating further investigation to determine the 
requisite signaling for the effects observed.

Mo are among the innate cells known to be responsive 
to β-glucan, though tumor studies have not specifically 
evaluated the role of Mo in mediating β-glucan’s antitu-
mor effects. Rather, the immunotherapy literature generally 
reports Mo and Mφ in the context of immunosuppression, 
for example via M2 Mφ and MDSC [10, 12]. CCR2 is a 
chemokine receptor that is well established as the means 
of inflammatory Mo egress from bone marrow, as well as a 
defining marker for inflammatory Mo, along with high Ly6C 
expression. We show a failure of therapy in  CCR2−/− mice, 
whose primary immunodeficiency is impaired Mo egress 
from BM and trafficking to peripheral sites of inflamma-
tion [43]. To bolster this finding with another Mo-interfer-
ing approach, we utilized CCR2.DTR mice, allowing us to 
deplete inflammatory Mo during the β-glucan-treatment 
period, and we again observed an abrogation of β-glucan’s 
efficacy. While both of these approaches have limitations 
(i.e., collateral effects on other CCR2-expressing popula-
tions), these well-accepted models of inflammatory Mo defi-
ciency demonstrate a requirement for inflammatory Mo for 
β-glucan’s effect. Although our models are yet to establish 
a direct effect of the Mo against tumor in vivo, our in vitro 
cytotoxicity data demonstrate that β-glucan increases the 
cytotoxic capacity of Mo towards B16.F10. The poten-
tial of inflammatory Mo as antitumor effector cells is not 
without precedent: a recent paper described inflammatory 
Mo as essential effector cells in the mouse MT/ret mela-
noma model, independent of T cell- or NK cell-mediated 
immunity. They further demonstrated in vitro cytotoxicity 
of inflammatory Mo, which was most sensitive to ROS inhi-
bition, and less so to TNFα inhibition [32]. Another study 
demonstrated an increase in circulating inflammatory Mo 
numbers and activation markers in advanced breast cancer 
patients after taking oral β-glucan for 2 weeks, which is a 
small but important clinical correlate supporting the poten-
tial role of inflammatory Mo in β-glucan therapy [43].

Our studies demonstrate a previously undescribed role 
for inflammatory Mo in mediating the antitumor effects of 
β-glucan, wholly or partly independent of known antitu-
mor mediators of β-glucan including adaptive immunity, 
NK cells and neutrophils. We show in vitro evidence that 
β-glucan enhances the cytotoxic potential of Mo, and iden-
tify potential inflammatory mediators in vivo including 
CCL2, TNFα and M-CSF. We do not exclude the possi-
bility of direct β-glucan effects on tumor cells, or multi-
parameter interactions between primed monocytes and 
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tumors, which collectively limit tumor growth. However, 
the present data are an important addition to the under-
standing of how particulate β-glucan mediates antitumor 
efficacy, and future immunotherapeutic applications of 
β-glucan may be able to harness the antitumor potential of 
inflammatory Mo, particularly in the context of advanced 
and often refractory metastatic disease.
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