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Abstract 
 
Microglia, the primary immune cell type of the central nervous system (CNS), adopt 
diverse phenotypes and functions under different conditions. Exposure of monocytes 
or microglia to lipopolysaccharide (LPS) reduces their sensitivity to subsequent 
stimuli in vivo, a process termed endotoxin tolerance. In contrast, in monocytes, fungal 
β-glucan induces enhanced responsiveness of innate immune cells to a secondary 
stimulation, a process called trained immunity. Here we assessed whether pre-
conditioning with β-glucan resulted in trained immunity in microglia. Interestingly, in 
cultured primary neonatal mouse microglia, β-glucan activated NF-κB signaling in a 
dose-dependent manner and preconditioning with LPS and β-glucan attenuated the 
microglial response to a second LPS or β-glucan challenge. Moreover, acute 
stimulation with LPS or β-glucan increased aerobic glycolysis. Primary microglia, pre-
conditioned with LPS or β-glucan, displayed a higher level of glycolysis and oxygen 
consumption. Interestingly, glycolysis was further increased in response to a second 
LPS stimulation. 

Systemic injection of β-glucan only slightly increased peripheral inflammatory 
cytokine levels, but did not induce a pro-inflammatory response in microglia. 
However, after β-glucan preconditioning, microglia displayed an enhanced 
responsiveness to a subsequent systemic LPS challenge, characterized by increased 
cytokine expression, enhanced glycolysis, and morphological changes, indicative of 
trained immunity. 

In conclusion, in cultured primary microglia, direct exposure to LPS and β-glucan 
induced a reduced responsiveness to a subsequent challenge, whereas in vivo, β-
glucan sensitized microglia to a subsequent secondary stimulation. 
 
Keywords: microglia, β-glucan, LPS, innate immune memory, trained immunity, 
endotoxin tolerance, glycolysis, respiration 
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Introduction 
 
The innate immune response is rapid, non-specific in its output, and mediated by 
pattern recognition receptors with high specificity. Innate immune memory, or 
trained immunity, is characterized by an enhanced functional state of innate immunity 
after an initial insult and has been reported in plants, invertebrate animals, and 
vertebrates (Netea et al., 2016). β-glucan stimulation and BCG vaccination result in 
innate immune memory in human and mouse monocytes and protects against an 
otherwise lethal infection with C. albicans in mice (Cheng et al., 2014; Hamers et al., 
2015; Novakovic et al., 2016; Quintin et al., 2012). This trained innate immunity in 
monocytes and macrophages is characterized by metabolic alterations and 
exaggerated inflammatory cytokine production, and an altered epigenetic landscape 
(Cheng et al., 2014). 

Microglia are the innate immune cells of the central nervous system (CNS) that play 
critical roles in homeostatic surveillance, inflammation, tissue remodeling, synaptic 
plasticity, and neurogenesis (Eggen et al., 2017). As in peripheral monocytes, LPS 
induces tolerance in microglia, characterized by an attenuated response upon re-
exposure to an inflammatory stimulus, and this was observed in microglial cell lines, 
primary microglia, and in vivo (Rosenzweig et al., 2007; Schaafsma et al., 2017; 
Schaafsma et al., 2015). We showed that in vivo this attenuated response is long-
lasting (>32 weeks), and is caused by epigenetic silencing of LPS-TLR4 target genes, 
for instance Ilb (Schaafsma et al., 2015). In contrast, Wendeln and co-workers 
observed LPS-induced trained immunity in the mouse CNS, one day after a systemic 
LPS injection, but if and how long this microglia hyper-responsiveness persisted or 
became endotoxin tolerant was not determined (Wendeln et al., 2018). 

In addition to this hypo-sensitive microglia phenotype, hyper-sensitive or primed 
microglia are observed in the aged or neurodegenerative CNS (Holtman et al., 2015; 
Norden et al., 2015). These primed microglia share similarities with 
monocytes/macrophages trained with β-glucan or BCG, at least in terms of the 
exaggerated inflammatory response to a second stimulus. In monocytes, pathogens 
are more critical in influencing the cytokine response than a particular immune 
pathway (Li et al., 2016). However, it is unclear how comparable the effects of 
bacterial LPS and fungal β-glucan on microglia are and whether these CNS-specific 
macrophages display trained immunity, similar to monocytes. 
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Macrophages and microglia alter their metabolism in response to inflammatory 
challenges (Gimeno-Bayon et al., 2014), and these alterations are different for distinct 
microbial stimuli (Lachmandas et al., 2016). The effects of repeated inflammatory 
stimulation on microglia metabolism are not known yet and investigated in this study. 

β-glucans are molecules that vary in molecular mass, solubility, viscosity and 
three-dimensional configuration. In primary microglia, β-glucan particles induce ROS 
production via the Dectin-1 receptor. Although β-glucan did not induce cytokine and 
chemokine expression, pre-treatment with particulate β-glucan suppressed TLR2- 
and TLR4-mediated activation of NF-κB, dependent on Dectin-1/β-glucan interaction 
(Shah et al., 2008; Shah et al., 2009). Pre-treatment with β-glucan reduced LPS-
induced Tnf expression and NF-κB activation in BV-2 cells (Jung et al., 2007).  

Activation of TLR4/NF-κB signaling in primary microglia by LPS or Pam3CSK4 
induces endotoxin tolerance, accompanied by epigenetic silencing of the NF-κB target 
genes (Schaafsma et al., 2015). In this study we assessed the microglia response to 
fungal β-glucans, which induce trained immunity in monocyte and macrophages 
(Netea et al., 2016).  
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Materials and Methods 
 
Animals 
All the animal work was performed in the Central Animal Facility (CDP, Groningen, the 
Netherlands) following the experimental animal guidelines of the University of 
Groningen (IvD15360-03-02). C57Bl/6J mice (male, 7-10 weeks, 25-30 grams) were 
purchased from Envigo (Harlan, Horst, the Netherlands) or bred in the CDP. Mice were 
individually housed under a 12/12 h light/dark cycle (8 p.m. lights off, 8 a.m. lights 
on) with ad libitum access to food and water. For intraperitoneal injection, the mice 
received 200 µL PBS or LPS (Sigma-Aldrich, E. coli, 0111:B4, L4391, 1 mg/kg body 
weight) or β-glucan (Sigma-Aldrich, S. cerevisiae, G5011-25MG , 20 mg/kg body 
weight). 
 
Source of β-glucan 
For RT-qPCR, ELISA and NO measurement experiments, both commercial β-glucan 
(Sigma-Aldrich, S. cerevisiae) and β-glucan (prepared from C. albicans) were used as 
indicated in the legends. For the Seahorse experiments and in vivo work, β-glucan from 
S. cerevisiae was used. 
 
Primary microglia culture 
Primary neonatal microglia were isolated from brains of postnatal day 0-2 C57Bl/6J 
mouse pups as described previously (Schaafsma et al., 2015). Briefly, the brains were 
minced after removing the cerebellum and meninges, followed by 25-35 min 0.25% 
trypsin dissociation. The tissue was then triturated using glass pipettes. Cells were 
centrifuged and resuspended in microglia medium (DMEM (Dulbecco’s Modified Eagle 
Medium, Lonza, BE12-707F) with 10% FCS (Gibco, 10500-064), 1 mM sodium 
pyruvate (Gibco, 11360-070) and 1% penicillin/streptomycin (GE Healthcare, P11-
010)) and incubated at 37°C with 5% CO2. When confluent, the medium was refreshed 
by 10 mL microglia medium and 5 mL LCCM (L929 cell line conditioned medium, 
DMEM with 10% FCS and 1% penicillin/streptomycin). Three to four days later, 
microglia were collected by orbital shaking at 37°C and 150 rpm/min for 1 h. 
Afterwards, the microglia-enriched cell suspension was centrifuged. The supernatant 
was filtered (20 µm filter) and used as conditioned medium. The microglia were 
seeded and cultured in the microglia culture medium (fresh microglia medium 
containing 50% conditioned medium collected after the shaking off). 
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For stimulation, one day after microglia were seeded, the medium was refreshed with 
microglia culture medium containing PBS, LPS (100 ng/mL), β-glucan (up to 10 
µg/mL, described in the legends of figures) or BCG (1 or 10 µg/mL BCG vaccine SSI, 
State Serum Institute, Copenhagen, Denmark) 24 h later, all the wells were washed 
once and microglia culture medium was added. The microglia were rested for 6 days 
with a single medium refreshment on day 3. Then a second stimulation was performed 
with microglia culture medium containing either PBS, LPS (100 ng/mL), or β-glucan 
(concentration indicated in the legends). Cells were washed with PBS and lysed by 
TRIzol™ Reagent (Thermo Fisher Scientific, 15596026) after 3 h for RNA isolation or 
after 24 h for medium collection to measure cytokine release. 
 
BV-2 cell culture and luciferase assay 
BV-2 cells were cultured in DMEM supplemented with 10% FCS (Bovogen Biologicals, 
Keilor East, Australia) and 1% pen/strep (GE Healthcare, Little Chalfont, United 
Kingdom) at 37°C in a humidified atmosphere with 5% CO2. 

For luciferase assays, BV-2 cells with a luciferase reporter gene driven by 
consensus NF-κB binding sites were used. The high sensitivity luminescence reporter 
gene assay system kit (Steadylite plus, PerkinElmer) was used to measure the 
luciferase activity and the signal was recorded in a Luminometer. The BV-2 NF-κB 
luciferase reporter cell line was generated by transduction of BV-2 cells with lentiviral 
Cignal™ Lenti Reporters (Luc) following the manufacturer's protocol (Qiagen, CLS-
013L). Afterwards, the transduced BV-2 cells were seeded into 6 well plates with 4 
mg/mL puromycin in the culture medium. The single colonies were selected and 
expanded. The activation of NF-κB by LPS was analyzed as previously described 
(Benus et al., 2005; van den Boom et al., 2007). One of the colonies was selected and 
used in all the following experiments. 
 
Microglia isolation 
Microglia were isolated from adult mouse brain using standardized procedures 
described in detail before (Galatro et al., 2017). Briefly, the mice were perfused with 
saline under deep anesthesia and the brains were triturated using a tissue 
homogenizer. The homogenized brain samples were resuspended in 22% percoll and 
overlayed with 3 mL dPBS, followed by centrifugation to remove myelin. The cell 
pellets were incubated with the antibodies CD11b PE (clone M1/70, eBiosciences), 
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CD45 FITC (clone 30-F11, eBiosciences), and Ly-6C APC (clone HK1.4, BioLegend). 
Microglia were sorted as DAPIneg CD11bhigh CD45mid Ly-6Cneg cells. 
 
Isolation of splenic macrophages  
Spleens were triturated using a tissue homogenizer, after centrifugation the cell 
pellets were resuspended in 1 mL red blood cell lysis buffer, and CD11b PE, CD45 FITC, 
and Ly-6G APC/cy7 (clone 1A8, BioLegend) antibodies were added. Macrophages 
were sorted as DAPIneg CD11bhigh CD45pos Ly-6Gneg cells. 
 
RNA isolation, quantitative RT-PCR 
Total RNA was isolated using Qiagen RNeasy Micro Kit according to the 
manufacturer’s instructions. cDNA was synthesized using Random Hexamers 
(Fermentas), M-MuLV Reverse Transcriptase and Ribolock RNase inhibitor 
(Fermentas) and dNTP and RT buffer (Fermentas). Quantitative PCR reactions were 
performed using the ABI7900RH or QuantStudio 7 Real-Time PCR system. 
 
Enzyme-linked immunosorbent assay (ELISA) 
The supernatants from primary microglia cultures and mouse sera were used for 
cytokine ELISA. Il1b, Tnf, and Il6 were measured using commercialized ELISA kits 
(BioLegend, San Diego, CA). In brief, the plates were coated with 100 µL diluted 
capture antibodies overnight at 4°C. After washing, 1X assay diluent A was used for 
blocking for 1 h in RT with shaking. After a second wash, the diluted standards and 
samples were added to the plates for 2 h, at RT with shaking. Subsequently, plates 
were washed and the detection antibodies were added. Following the next washing 
step, avidin-HRP was added, incubated with TMB substrate solution for 10-30 min, 
stopping solution (2N H2SO4) was added, and absorbance was read at 450 and 570 nm. 

To exclude potential effects of differential microglia cell survival and proliferation 
between groups, cytokine production was normalized by the total protein content of 
attached cells. Briefly, after the culture medium was collected, the cells were washed 
once with dPBS and then lysed by 1X cell lysis buffer (Cell lysis buffer, 9803, Cell 
Signaling Technology). The concentration of cell lysate was then measured using the 
Pierce BCA Protein Assay Kit (23227, Thermo Scientific) according to the 
manufacturer's protocol. First, standard samples were prepared with a concentration 
of 0 to 2,000 μg/mL. Second, BCA reagents A and B were mixed at a ratio of 50:1. Then  
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Figure 1. LPS and β-glucan induce endotoxin tolerance in primary microglia. (A) The expression of 
pro-inflammatory genes Ilb, Tnf, Il6, Ccl3, and Csf1 was determined by RT-qPCR and normalized to Hprt1 
expression 3 h after the last stimulus. The symbol shapes indicate the preconditioning stimulus and the 
color indicates the type of second stimulation. (B) The concentration of Il1b, Tnf, and Il6 in the culture 
medium was determined by ELISA 24 h after the last stimulus. (C) Il10 and Nos2 gene expression levels 
were determined by RT-qPCR and normalized to Hprt1. (D) Nitric oxide concentration in the cell culture 
medium was determined using the Griess reagent. Gene expression data were obtained in two independent 
experiments and each dot represents a sample. The depicted ELISA data were obtained in one experiment 
with multiple wells per condition. All the experiments have been repeated at least three times. The 
significance is calculated by one-way ANOVA with a Bonferroni correction for multiple comparisons (* p < 
0.05; ** p < 0.01; *** p < 0.001). 
 
 
 
25 μL of standard samples and microglia lysates were added in a 96-well plate, 
followed by 200 μL mixed BCA reagent A and B. After 30 min incubation at 37°C, the 
absorbance was measured with a spectrophotometer at 570 nm. 
 
NO measurements 
Nitric oxide release was quantified using Griess reagent. Briefly, 50 µL of the collected 
culture medium was mixed with 50 µL 1% sulfanilamide in 5% phosphoric acid. In 
parallel, 6 serial two-fold dilutions starting with 100 µM 0.1 M sodium nitrite were 
used as standards. After 5-10 min incubation at RT, 50 µL of 0.1% NED (N-(1-
naphthyl)ethylenediamine dihydrochloride) solution was added to all wells, 
incubated for 5-10 min at RT, protected from light. The absorbance was measured in 
a plate reader at 550 nm. 
 
Immunohistochemistry 
Animals were perfused with saline and terminated with deep anesthesia. One of the 
hemispheres was used for microglia isolation and the other one was fixed for 48 h in 
4% paraformaldehyde (PFA) at 4°C. After overnight incubation in 25% sucrose, the 
brain samples were stored in a -80°C freezer. For free-floating staining, 40 µm thick 
sections were blocked for 1 h with 5% normal goat serum and incubated with primary 
antibodies against Iba1 (Wako, 019-19741) or GFAP (DAKO, Z0334) overnight at 4°C. 
Next, Alexa Fluor 488 donkey anti-rabbit (Invitrogen, A21206) secondary antibody 
was added. After 1 h of incubation, sections were washed, incubated in Hoechst 
solution for 5 min and mounted on glass slides.  
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Real-time glycolysis and respiration kinetics analysis (Seahorse XF) 
The oxygen consumption rate (OCR), indicative for mitochondrial respiration, and the 
extracellular acidification rate (ECAR), an indicator for glycolysis, were measured real 
time in a 96-well format using a Seahorse XF96 analyzer (Agilent). Optimal plating 
density and inhibitor concentrations were determined by optimization experiments, 
following the manufacturer's protocol. 

Primary mouse microglia were plated in an XF96 well culture microplate with a 
density of 20,000 cells/well in microglia medium, supplemented with glutaMAX and 
glucose. One h prior to the assay, the cells were switched to XF basal medium, 
supplemented with 4.5 g/L glucose, 2 mM glutaMAX and 1 mM sodium pyruvate (XF 
medium) and placed at 37 °C without CO2. The cells were then carefully rinsed twice 
with XF medium and refreshed with 180 µL/well XF medium. During OCR 
measurements, the inhibitors were injected automatically at set time-points in a 
volume of 20 µL. Three inhibitors were added including oligomycin (1 µM, ATP 
synthase inhibitor), FCCP (4 µM, uncoupler), Rotenone/Antimycin A (1 µM, complex 
I/III inhibitors). During the OCR measurements, baseline ECAR kinetics were 
determined in the presence of 4.5 g/L glucose, 2 mM glutaMAX and 1 mM sodium 
pyruvate. The data was primarily analyzed using Seahorse Wave Desktop 2.4 
(Agilent). 
 
Sholl analysis 
Sixteen µm thick 4% PFA fixed sections stained with Iba1-DAB were scanned using on 
a Hamamatsu imaging system with a 40X objective. ImageJ with a Sholl analysis plugin 
was used for microglia analysis. 
 
Statistical analysis 
Dot plot and statistical analyses were performed using GraphPad Prism 5. For in vitro 
experiments, at least three independent experiments were carried out; the results 
obtained in a representative experiment are depicted in the figures unless otherwise 
mentioned in the legend. For in vivo data, each dot represents an animal and data from 
multiple experiments are combined into one figure. The statistical significance was 
determined by one-way ANOVA followed by Bonferroni correction for multiple 
comparisons.  
  



β-Glucan induced trained immunity in microglia in vivo   

99 
 

3 

Results 
 
β-Glucan attenuates the pro-inflammatory response of microglia  
Pre-treatment of primary microglia with either LPS or Pam3CSK4 induces endotoxin 
tolerance, accompanied by epigenetic silencing of the NF-κB target genes like Il1b and 
Tnf (Schaafsma et al., 2015). However, it is unclear whether microglia respond similar 
to fungal glucans, which induce trained immunity in monocyte and macrophages 
(Netea et al., 2016). To determine whether β-glucan induces trained immunity in 
microglia, primary cells were incubated with 10 µg/mL β-glucan for 24 h and after a 
6-day interval stimulated with 100 ng/mL LPS for 6 h for mRNA analysis or for 24 h 
for cytokine production analysis (suppl. fig. 1A). Treatment of microglia with LPS and 
β-glucan resulted in increased expression of the Il1b, Tnf, and Il6 genes (fig. 1A). 
Although the induction of Il1b and Il6 mRNA expression by LPS and β-glucan was 
similar, significantly less Il1b and Il6 was secreted by β-glucan-stimulated microglia, 
while the increase in Tnf expression and secretion was comparable in response to 
both stimuli (suppl. fig. 1B).  

Preconditioning microglia with either LPS or β-glucan resulted in a significantly 
attenuated response to a subsequent challenge with either LPS or β-glucan (fig. 1B). 
Pre-stimulation of microglia with β-glucan attenuated the subsequent pro-
inflammatory gene expression response to LPS in a concentration-dependent manner 
(suppl. fig. 1C). To confirm these findings at the protein level, secretion of these 
cytokines by primary microglia in the culture medium was quantified. Pre-stimulation 
with LPS and β-glucan reduced Il1b, Tnf, and Il6 secretion in response to LPS, but the 
preconditioning effect of β-glucan on Tnf secretion was less pronounced (fig. 1B). 

Gene expression of Il10, an anti-inflammatory cytokine important to limit the 
inflammatory response to prevent excessive tissue damage (Lobo-Silva et al., 2016), 
was potentiated by both LPS and β-glucan preconditioning (fig. 1C), suggesting that 
LPS and β-glucan preconditioing induced a more anti-inflammatory state. Nos2, a gene 
encoding nitric oxide (NO) synthase, was induced by LPS, and even more so in 
microglia pre-treated with LPS or β-glucan. Similar observations were made for the 
production of nitric oxide; LPS and β-glucan induced NO production, but microglia 
preconditioned with LPS or β-glucan produced much more NO in response to either 
stimulus (fig. 1D). 
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Figure 2. β-Glucan and LPS activate NF-κB signaling in a microglia cell line. (A) A BV-2 cell line carrying 
a NF-κB-luciferase reporter gene was stimulated by LPS (100 ng/mL), β-glucan (S. cerevisiae, 10 μg/ml) or 
BCG (10 μg/ml) for the times indicated (ranging from 15 min to 24 h). Luciferase activity was determined 
and normalized to control cells. (B) BV-2 cells carrying a NF-κB-luciferase reporter gene were stimulated 
for 4 h with different concentrations of LPS, β-glucan or BCG. (C) BV-2 cells carrying a NF-κB-luciferase 
reporter gene were first incubated for 24 h with PBS, LPS (100 ng/mL), β-glucan (10 µg/mL, S. cerevisiae) 
or BCG (10 μg/ml), and after a 24 h interval treated with PBS, LPS (100 ng/mL) or β-glucan (10 µg/mL, S. 
cerevisiae). After 6 h, luciferase activity was determined. Each dot represents one well and all dots in each 
graph were obtained in one experiment. The symbol shapes indicate the type of preconditioning stimulus 
and the color indicates the types of the second stimulation. All experiments were repeated three times 
except the BCG experiments in A, which were performed twice. Significance was calculated by a one-way 
ANOVA with a Bonferroni correction for multiple comparisons (** p < 0.01; *** p < 0.001). 
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Bacillus Calmette–Guérin (BCG), a vaccine against tuberculosis, induces trained 
immunity in mouse and human monocytes (Kleinnijenhuis et al., 2012). In contrast, 
preconditioning microglia with BCG reduced the induction of pro-inflammatory genes 
(Il1b, Tnf, and Il6) but enhanced Il10 and Nos2 gene expression in response to a 
subsequent LPS challenge (suppl. fig. 1D). In summary, these data showed that 
preconditioning microglia with β-glucan, LPS, or BCG, attenuated their inflammatory 
response to a subsequent inflammatory stimulus. 
 
β-Glucan activates NF-κB signaling in microglia 
β-Glucan activates macrophages through both the Dectin-1 and TLR2/6 receptors 
(Chan et al., 2009), leading to NF-κB activation. Preconditioning of BV-2 cells with 
either LPS or β-glucan resulted in a significantly attenuated induction of Il1b and Tnf 
gene expression in response to a subsequent challenge with LPS (suppl. fig. 2A). LPS-
induced endotoxin tolerance in microglia is mediated by the TLR2/4-NF-κB signaling 
pathway (Schaafsma et al., 2015). To determine whether β-glucan also activates NF-
κB signaling in microglia, the effect of β-glucan on a BV-2 cell line carrying a NF-κB 
luciferase reporter gene was determined. We first investigated the time course of LPS 
and β-glucan induced NF-κB activation by measuring luciferase activity. Stimulation 
of BV-2 luciferase cells with LPS resulted in significantly increased luciferase activity 
after 30 min which peaked around 4 h. β-Glucan activated NF-κB signaling within 2 h, 
peaking around 6 h after stimulation (fig. 2A). NF-κB luciferase reporter activity was 
induced by β-glucan from both S. cerevisiae and C. albicans, in a concentration-
dependent manner (fig. 2B, suppl. fig. 2B). Next, we determined if preconditioning of 
BV-2 luciferase cells with LPS or β-glucan attenuated NF-κB activation in response to 
a subsequent challenge with LPS or β-glucan. Both pretreatment with β-glucan or LPS 
resulted in a significantly blunted NF-κB response to a second stimulus, where the 
preconditioning effect of LPS was more pronounced (fig. 2C). Pretreatment of BV-2 
luciferase cells with very low concentrations of LPS (10-6 to 1 ng/mL) or β-glucan (10-

5 to 10 ng/mL) did not result in altered NF-κB activity to a subsequent LPS challenge 
(suppl. fig. 2C). 

BCG attenuated the response to a second LPS challenge in primary microglia and 
BV-2 cells (fig. 1D, fig. 2C) and as expected, BCG activated NF-κB signaling in BV-2 
luciferase cells (fig. 2A, B). These data indicate that similar to LPS, β-glucan and BCG 
induce tolerance in microglia via NF-κB (Schaafsma et al., 2015). 
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Figure 3. LPS and β-glucan increase glycolysis in primary microglia. (A) Real-time changes in the 
extracellular acidification rate (ECAR) of primary microglia in response to LPS (L, 100 ng/mL) and β-glucan 
(B, 1 μg/ml) were monitored by Seahorse. LPS and β-glucan were added at 24 h, or 3 h, or 1 h prior to time 
point 2 (t2, 1 h after t1). The ECAR values determined at time point 2 (t2) are depicted on the right. (B) For 
preconditioning experiments, primary microglia were stimulated with PBS, LPS or β-glucan for 24 h. After 
a 6-day interval, cells were treated with PBS, LPS or β-glucan for 3 h, as indicated. ECAR levels just prior to 
oligomycin administration are depicted on the right. All values were normalized to the total number of cells 
per well. (C) The gene expression Pfkfb3 was determined by RT-qPCR and normalized to Hprt1 expression, 
RNA was extracted 3 h after the last stimulus. For Seahorse experiments, each dot represents a well from a 
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96-well plate. The symbol shape indicates the type of preconditioning stimulus and the color indicates the 
type of second stimulation. All experiments have been repeated at least three times, the data from a 
representative experiment are depicted in this figure. Significance was determined by one-way ANOVA with 
a Bonferroni correction for multiple comparisons (** p < 0.01, *** p < 0.001). 
 
Increased glycolysis in LPS and β-glucan stimulated primary microglia 
In monocytes, β-glucan-induced trained immunity requires a shift to aerobic 
glycolysis, known as the Warburg effect (Cheng et al., 2014). In the microglia cell line 
BV-2, LPS stimulation increased glycolysis (Voloboueva et al., 2013). To determine 
whether β-glucan and LPS induced a metabolic shift in primary neonatal microglia, 
glycolysis was determined at various time points after LPS and β-glucan stimulation. 
Indeed, the extracellular acidification rate (ECAR), indicative of glycolysis, increased 
in microglia in response to both β-glucan and LPS (fig. 3A). 

Next, we determined if β-glucan- and LPS preconditioning of microglia induced a 
metabolic shift. The increased glycolysis rate after β-glucan- and LPS stimulation 
persisted and a second LPS challenge further enhanced the ECAR, both in β-glucan or 
LPS pre-conditioned cells, indicating LPS could further increase the glycolysis rate in 
these cells (fig. 3B). 

One of the critical modulators of glycolytic flux is the conversion of fructose-6-
phosphate to fructose-1,6-bisphosphate (F1,6P2) by 6-phosphofructo-1-kinase (PFK-
1). The intracellular concentration of F1,6P2 is regulated by a family of four enzymes, 
fructose-6-phosphate, 2-kinase/fructose-2,6-bisphosphatase (PFKFB) 1-4, of which 
PFKFB3 sustains the highest glycolysis rates (Sakakibara et al., 1997). The expression 
of Pfkfb3 was induced by LPS and the increase in Pfkfb3 expression in response to LPS 
and β-glucan was significantly increased in LPS and β-glucan preconditioned 
microglia (fig. 3C). These data show that preconditioning of primary neonatal 
microglia with LPS and β-glucan increased the expression of a key glycolysis gene (fig. 
3C). 
 
Enhanced oxygen consumption in LPS or β-glucan pre-conditioned microglia 
The oxygen consumption rate (OCR) is an indicator of the oxidative capacity of cells. 
In microglia, the OCR was decreased after LPS stimulation, suggesting that microglia 
shifted from oxidative phosphorylation to glycolysis. However, no significant change 
in the OCR was detected after β-glucan stimulation (fig. 4A). In both β-glucan and LPS 
pre-conditioned microglia, a higher rate of oxygen consumption was observed, 
irrespective of a second LPS stimulation (fig. 4B). These data showed that although β-
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glucan did not alter the OCR of microglia within 24 h after stimulation, a significant 
shift in the OCR was detected 6 days after β-glucan pre-conditioning. These data 
suggest that LPS and β-glucan both increase the OCR in primary neonatal microglia, 
albeit with different kinetics. 
 

 
Figure 4. LPS and β-glucan increase oxygen consumption in primary microglia. (A) Real-time changes 
in the oxygen consumption rate (OCR) of primary microglia in response to LPS (L, 100 ng/mL) and β-glucan 
(B, 1 μg/ml) were monitored in a Seahorse. LPS and β-glucan were added at 23 h or 2 h prior to time point 
1 (t1) or at t1. The OCR values determined at time point 2 (t2) are depicted on the right. (B) For 
preconditioning experiments, primary microglia were stimulated with PBS, LPS or β-glucan for 24 h. After 
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a 6-day interval, cells were treated with PBS, LPS or β-glucan for 3 h, as indicated. The difference in OCR 
levels prior to oligomycin (t: 10 min) and after antimycin (t: 60 min) administration (∆OCR) are depicted 
on the right. All values were normalized to the total number of cells per well. (C) A graphical representation 
of the glycolysis and oxygen consumption rates in microglia after LPS and β-glucan precondition and 
stimulation. For Seahorse experiments, each dot represents a well from a 96-well plate. The symbol shape 
indicates the type of preconditioning stimulus and the color indicates the type of second stimulation. All 
experiments have been repeated at least three times, the data from a representative experiment are 
depicted in this figure. Significance was determined by one-way ANOVA with a Bonferroni correction for 
multiple comparisons (** p < 0.01, *** p < 0.001). 
 

To correct for potential microglia proliferation in response to LPS or β-glucan, data 
were corrected for cell numbers for all groups. The ratio of ECAR and OCR suggested 
that preconditioned microglia did not shift to aerobic glycolysis as both the glycolysis 
rate and respiration increased (fig. 4C). A similar phenomenon was also reported for 
monocytes stimulated with microbial lysates and monocytes stimulated with 
Pam3CSK4 (Lachmandas et al., 2016). 
 
Systemic administration of β-glucan induces trained immunity in microglia 
To determine if β-glucan induces endotoxin tolerance or trained immunity in 
microglia in vivo, mice were challenged with β-glucan and LPS (fig. 5A). 
Intraperitoneal injection of 20 mg/kg β-glucan did not increase Il1b serum levels but 
did result in a modest (2-fold) increase in Tnf and a strong (>100-fold) increase in Il6 
serum levels. Serum levels of these cytokines were back to baseline levels after 24 h 
(fig. 5B). 

No significant changes in Il1b, Tnf, and Il6 gene expression were detected in 
response to β-glucan in ex vivo isolated microglia (fig. 5B), suggesting a limited 
response of microglia to β-glucan, in particular, compared to the inflammatory 
response induced by LPS both in serum cytokine levels and in microglia (suppl. fig. 
3A). 

Next, we determined if β-glucan affected the microglial response to a subsequent 
LPS challenge (fig. 5C). As expected, LPS induced expression of inflammatory genes 
(Il1b, Tnf, and Il6) and this response was reduced in mice that were preconditioned 
with LPS (fig. 5C) (Schaafsma et al., 2017; Schaafsma et al., 2015). Interestingly, LPS 
induced much higher gene expression levels of cytokines and chemokines, e.g. Il1b, 
Tnf, and Il6 in microglia two days after β-glucan but this increase was much less strong 
after 7 and 14 days. The expression of Ccl3, Csf1, and Nos2, molecules important for 
innate immunity and inflammatory processes, was induced by LPS and more  
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Figure 5. β-Glucan transiently induces trained immunity in microglia in vivo. (A) In vivo treatment 
regime, each symbol indicates a specific treatment group. Mice were preconditioned and challenged with 
PBS, LPS (1 mg/kg), or β-glucan (10 or 20 mg/kg) as indicated; followed by serum collection and microglia 
isolation. (B) Serum concentrations of the indicated cytokines were determined by ELISA (left panels) and 
gene expression levels of the indicated cytokine genes in microglia were determined by RT-qPCR and 
normalized to Hprt1 (right panels), respectively. (C, D) Mice were treated with PBS, LPS or β-glucan by i.p. 
injection and after a 2, 7 or 14-day interval, the mice were rechallenged with PBS or LPS as indicated and 
terminated after 3 h. The gene expression level of five pro-inflammatory genes (C) and six genes related to 
different microglia functions (D) was determined by RT-qPCR and normalized to Hprt1. Each dot represents 
an individual animal. Significance was determined by one-way ANOVA with a Bonferroni correction of 
multiple comparisons (* p < 0.05; ** p < 0.01; *** p < 0.001). 
 
pronounced in mice 2 days after β-glucan challenge, similar to Il1b, Tnf, and Il6 (fig. 
5C, suppl. fig. 3B). In addition, the expression of a number of aging- and disease-
associated genes, related to phagosome, lysosome, and antigen presentation, was 
evaluated in these sensitized microglia. A clear but transient induction of Itgax 
(Cd11c), Clec7a (Dectin-1), and Axl was observed in microglia isolated from β-glucan 
pre-conditioned mice (fig. 5D). These data show that preconditioning of mice with β-
glucan, at least transiently, induced trained immunity in microglia. 

To determine whether peripheral cytokine levels were increased in β-glucan pre-
conditioned mice, 3 and 24 h after an LPS challenge, which could be a possible trigger 
for the observed transient activation of microglia, Il1b, Tnf, and Il6 serum 
concentrations were measured. No significant difference between treatment groups 
was detected (suppl. fig. 4B). These data strongly suggest that the transient 
sensitization of microglia is not due to an altered secondary peripheral inflammatory 
response in β-glucan preconditioned mice. 
 
Changes in microglia morphology after β-glucan preconditioning 
Microglia can adopt a variety of morphologies, which are associated with altered 
functions (Levtova et al., 2017; Perry et al., 2010). To investigate whether β-glucan 
induced morphological changes in microglia, we evaluated their morphology by Iba1 
staining followed by Sholl analysis in the hippocampus and frontal cortex of four 
treatment groups (untreated or β-glucan preconditioning, with or without a 
secondary LPS challenge; fig. 6A). Microglia from control mice that were injected with 
PBS twice, displayed a typical microglia morphology: a small soma and highly 
branched, thin processes (fig. 4B). Microglia from β-glucan preconditioned mice 
exhibited a different morphology in hippocampal CA1 and DG regions, characterized 
by shorter branches (fig. 6B, C; suppl. fig. 4B). A similar morphological change was 
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observed in some microglia in the frontal cortex but the majority of the cortical 
microglia still exhibited a regular phenotype (suppl. fig. 4C).  
 
 

 
Figure 6. The microglia of β-glucan pretreated animal show different morphological changes after 
second LPS injection. (A) Mice were preconditioned with PBS or β-glucan (20 mg/kg) by i.p. injection, 
after a 2-day interval, mice received a challenge with PBS or LPS and were sacrificed after 3 h. (B) 
Microscopic images of Iba1-stained CA1 region of the hippocampus (as indicated in A) of the different 
treatment groups are depicted with an enlarged microglia in the inset. Scale bars represent 100 and 25 µm, 
respectively. (C) Representative microglia and skeletonized outlines are shown. Microglia ramification was 
analyzed by Sholl analysis and the number of intersections at the indicated distance from the cell soma are 
depicted, n>3 for all groups. 
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Additional morphological features were investigated: cell surface area, convex 
surface area, soma surface area, total branch length, and total number of endpoints. 
Only the convex area of hippocampal microglia from LPS injected β-glucan 
preconditioned mice showed a significant decrease compared to all the other groups, 
whereas the differences in other parameters amongst groups were subtle (data not 
shown). In summary, the observed sensitization of microglia by preconditioning with 
β-glucan was accompanied by a morphological alteration (reduced convex area and 
fewer intersections) associated with microglia activation (fig. 6C). 
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Discussion 
 
In this study, we show that preconditioning of microglia with β-glucan alters the 
response of microglia to subsequent challenges and that the preconditioning effect is 
different in primary microglia cultures and in vivo. In vitro, preconditioning with β-
glucan closely resembled the effect of LPS: activation of the NF-κB signaling pathway 
and a reduced response to a subsequent inflammatory challenge. In contrast, 
treatment of mice with β-glucan in vivo sensitized microglia to a subsequent LPS 
challenge and the induction of the trained immunity response peaked around 2 days 
after the β-glucan treatment. 

Earlier studies in monocytes showed that training by β-glucan shifts their basal 
metabolism to aerobic glycolysis through activation of the Dectin-1 receptor and is 
mediated by mTOR and HIF-1α (Cheng et al., 2014). This training is accompanied by 
an altered epigenetic landscape, changing their pro-inflammatory response to a 
second challenge (Novakovic et al., 2016). Microglia, as the tissue-resident 
macrophages of the CNS are also subject to epigenetic regulation of their inflammatory 
response after prior stimulation with LPS (Schaafma et al., 2015). Microglia also 
express the Dectin-1 receptor and genes involved in mTOR signaling pathway, 
prompting us to study the effects of β-glucan on microglia immune responsiveness 
and metabolism.  
 
β-Glucan induced endotoxin tolerance in primary microglia and immune 
training in microglia in vivo 
The effect of β-glucan stimulation on cultured microglia was completely different from 
the effect on microglia in vivo. Where in primary cells, β-glucan reduced the response 
to a subsequent inflammatory challenge, in mice, β-glucan sensitized microglia to a 
subsequent systemic LPS challenge. The means of microglia activation is very different 
in these two experimental designs which might underlie the observed difference in 
the effect of β-glucan preconditioning. In experiments with primary microglia 
cultures, β-glucan was directly added to the medium and could directly activate its 
potential receptors on microglia, e.g. TLR2, TLR6, or Dectin-1. These receptors all are 
reported to activate NF-κB signaling. Indeed, in a BV-2 cell line carrying an NF-κB 
luciferase gene, β-glucan induced the activity of this reporter gene, like LPS and BCG. 
Interestingly, preconditioning of this reporter cell line with β-glucan, LPS or BCG 
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reduced the response to a subsequent LPS or β-glucan stimulus. Whether this is 
mediated by epigenetic silencing as was observed previously in primary cultures and 
microglia in vivo (Schaafsma et al., 2015) remains to be investigated in future studies. 

The response of microglia to LPS and β-glucan in vivo was distinct from primary 
neonatal microglia in culture. Where systemically administered LPS attenuated the 
response of microglia to a subsequent challenge in vivo, an observation we reported 
earlier (Schaafsma et al., 2015), preconditioning with β-glucan resulted in (transient) 
trained immunity, e.g. an enhanced response to a subsequent LPS challenge. These 
data strongly suggest that the peripheral responses induced by systemic 
administration of LPS and β-glucan elicited different responses with distinct effects on 
microglia in the CNS. How intraperitoneally injected particulate β-glucan activates 
microglia in the brain is unclear but it is extremely unlikely by direct exposure of 
microglia to β-glucan. It was shown that orally administered β-glucan could be 
ingested by macrophages and then transported to lymphoid organs (Hong et al., 
2004). It might be that the mesenteric macrophages phagocytosed the β-glucan 
particles and transported them to these lymphoid organs. Regardless, it is very 
unlikely that β-glucan particles reached the brain and directly stimulated microglia in 
the parenchyma. 

One more likely explanation is that β-glucan induces the release of certain 
combination of endogenous mediators such as cytokines (but not limited to that), and 
those will be able to mediate the effect at the CNS level. In line with this hypothesis, a 
series of recent studies have shown the crucial role of cytokines such as IL-1β and GM-
CSF to mediate trained immunity in humans and mice at the level of bone marrow 
progenitors (Arts et al., 2016; Christ et al., 2018; Kaufmann et al., 2018; Mitroulis et 
al., 2018). Whether similar or different cytokine cocktails are needed to induce trained 
immunity in microglia remains to be investigated. 
 
LPS and β-glucan pre-conditioning induce both increased glycolysis and 
respiration in microglia in vitro 
In microglia in vitro, LPS induced a metabolic shift from respiration to glycolysis, as 
was also reported for bone marrow-derived macrophages (Lachmandas et al., 2016). 
A similar effect was observed after β-glucan stimulation, but with respect to oxidative 
phosphorylation, the shift induced by β-glucan was lower than by LPS. Both β-glucan 
and LPS preconditioned microglia showed an increase in glycolysis and oxygen 
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consumption, which might link to functional differences in cytokine production and 
phagocytosis (Lachmandas et al., 2016).  

β-glucan trained macrophages showed increased glycolysis and decreased oxygen 
consumption, the typical Warburg effect (Cheng et al., 2014). However, both glycolysis 
and oxygen consumption increased in β-glucan and LPS pre-conditioned microglia, 
and their ratio was unchanged. In addition, the oxygen consumption did not change at 
1, 3 or 24 h after β-glucan stimulation, where after LPS the OCR decreased. After 7 
days, a clear increase in oxygen consumption was detected, both after LPS and β-
glucan stimulation. A second stimulation of preconditioned microglia with LPS and β-
glucan did not alter the OCR at 3 h after stimulation, which may not have been long 
enough to detect a change in the oxygen consumption. 
 
Transient induction of trained immunity in microglia in vivo by β-glucan 
Recently, a study showed that β-glucan injection 7 and 4 days prior to LPS stimulation 
significantly and transiently increased serum cytokine levels and this enhanced 
cytokine production declined within 3 weeks (Garcia-Valtanen et al., 2017). Systemic 
administration of LPS induced acute immune training and resulted in epigenetic 
rewiring of microglia (Wendeln et al., 2018). Hence, the enhanced microglia response 
to LPS after β-glucan pre-conditioning might be caused by an enhanced systemic 
response to LPS due to the trained immunity of peripheral macrophages or bone 
marrow-derived monocytes, or by an altered responsiveness of microglia themselves. 
In our study, the concentration of peripheral cytokines after β-glucan pre-
conditioning was determined and these results indicated that there was no significant 
change in the induction of serum cytokine levels by LPS between β-glucan 
preconditioned and control mice, suggesting the enhanced response to LPS after β-
glucan is microglia intrinsic. β-Glucan-induced sensitization of microglia was most 
dramatic at 2 days after β-glucan injection, while in a 7 to 14 days window, the gene 
induction of Il6 and Tnf by LPS is much less pronounced but still higher than in LPS 
injected control mice. This difference did not reach significance, which might be due 
to the relatively small sample size. In addition, it is unclear how long this enhanced 
sensitization of microglia to LPS by β-glucan pre-conditioning persists and whether 
this response is uniform throughout the CNS or that regional differences in microglia 
responsiveness exist. 
  



β-Glucan induced trained immunity in microglia in vivo   

113 
 

3 

Are morphologically changed microglia most primed?  
Changes in microglia morphology are associated with altered functional activity. It is 
well documented that LPS induces retraction of processes and a reduced ramification 
in microglia. This LPS-induced morphological change in microglia was much more 
pronounced in β-glucan preconditioning mice. This observation is in agreement with 
the exaggerated gene expression response to LPS in mice 2 days after in β-glucan 
preconditioning. At present, it is unclear how β-glucan preconditioning caused the 
dramatic morphological changes in response to LPS in microglia.  
 
In conclusion, we show for the first time that preconditioning of mice with fungal β-
glucan leads to an altered inflammatory response of microglia to LPS. Although it is 
unclear how long this sensitization persists, it might have significant implications for 
long-term microglial function. The induction of long-term changes in the response of 
microglia to different inflammatory challenges might have significant consequences 
for the CNS. The identification of the underlying molecular mechanisms and signaling 
pathways that determine tolerance and training in microglia and its functional 
consequences for the CNS might provide novel tools to intervene with 
neuroinflammatory processes that are proposed to be dysregulated in a range of CNS 
diseases and neurodegenerative disorders.  
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Supplemental information 
 

 
Supplementary figure 1. β-Glucan and BCG induce tolerance in primary microglia. (A) In vitro 
microglia treatment scheme. Primary microglia were incubated with PBS, LPS (100 ng/ml) or β-glucan (C. 
albicans, 10 μg/ml) for 24 h, and after a 6-day interval stimulated with PBS, LPS (100 ng/ml), or β-glucan 
(C. albicans or S. cerevisiae, 10 μg/ml) as indicated. Samples were collected after 6 h (for RT-qPCR) or 24 h 
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(for ELISA). The symbol shape indicates the type of preconditioning stimulus and the color indicates the 
type of the second stimulation. (B) The concentration pro-inflammatory cytokines Il1b, Tnf and Il6 in 
culture medium was quantified by ELISA, 24 h after PBS, LPS (100 ng/mL) or β-glucan (S. cerevisiae, 10 
μg/ml). (C) The gene expression levels of Il1b, Tnf, and Il6 were determined by RT-qPCR and normalized to 
Hprt1 from β-glucan (C. albicans, used concentration are indicated) preconditioned microglia followed by 
an LPS stimulation. (D) The expression level of Il1, Tnf, Il6, Il10, and Nos2 was determined by RT-qPCR in 
microglia preconditioned with BCG (1 or 10 μg/ml), expression levels were normalized to Hprt1. A 
representative experiment is depicted and each dot represents one sample. All experiments were repeated 
at least three times. Significance was determined by a one-way ANOVA with a Bonferroni correction for 
multiple comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary figure 2. Β-Glucan and BCG activate NF-κB and induce endotoxin tolerance in BV-2 
cells. (A) The gene expression levels of Il1b and Tnf in the microglia cell line BV-2 cells was determined by 
RT-qPCR and normalized to Hprt1 (B) Left, BV-2 cells carrying an NF-κB-luciferase reporter gene were 
stimulated by β-glucan (C. albicans, 1 μg/ml) for different durations (15 min to 24 h). Right, BV-2 NF-κB 
luciferase cells were stimulated with different concentrations of β-glucan (C. albicans) for 6 h. Luciferase 
activity was determined and normalized to control. (C) BV-2 cells carying an NF-κB-luciferase reporter 
were pretreated by different concentrations of LPS or β-glucan (C. albicans) for 24 h, and after a medium 
change challenged with LPS (100 ng/mL), and luciferase activity was determined after 4 h. Every dot 
represents a sample. Experiments depicted in A, B and C were repeated 4, 1 and 1 time, respectively. 
Significance was assessed by a one-way ANOVA with a Bonferroni correction for multiple comparisons (* p 
< 0.05, ** p < 0.01, *** p < 0.001). 
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Supplementary figure 3. β-Glucan preconditioning does not alter LPS-induced serum cytokine and 
spleen macrophage gene expression levels (A) The concentration of cytokines in the serum at 3 or 24 h 
after LPS injection of β-glucan (20 mg/kg) preconditioned mice was determined by ELISA. (B) The gene 
expression level of Nos2 was determined by RT-qPCR and normalized to Hprt1 (C) The expression level of 
pro-inflammatory genes in spleen macrophages was quantified by RT-qPCR and normalized to Hprt1. Every 
dot represents a mouse. *The interval between the first PBS and second LPS injection was from 2 to 14 days 
in the PBS-LPS group. Potential significance was assessed by a one-way ANOVA with a Bonferroni correction 
for multiple comparisons. 
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Supplementary figure 4. β-Glucan followed by LPS alters microglia morphology in the cortex and 
dentate gyrus. (A) Treatment regime of in vivo experiments. The data is from the same samples presented 
in figure 4. Microscopic images of Iba1-stained microglia in the dentate gyrus and frontal cortex (indicated 
in A) are depicted in (B) and (C), respectively. n>3 for all groups, scale bars represent 100 and 25 µm, 
respectively. 
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Table 1. Information of qPCR primers  
 

Gene name Accession number Forward primer 5’-3’ Reverse primer 5’-3’ 
Gapdh NM_32599 CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG 
Il1b NM_008361.3 GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 
Tnf NM_013693.3 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 
Nos2 NM_010927.3 AAGGCCACATCGGATTTCAC GATGGACCCCAAGCAATACTT 
Hprt1 NM-013556.2 ATACAGGCCAGACTTTGTTGGA TGCGCTCATCTTAGGCTTTGTA 
Ccl3 NM_011337 CACGCCAATTCATCGTTGAC CTGCCGGTTTCTCTTAGTCAG 
Pfkfb3 NM_133232.3 CAACTCCCCAACCGTGATTGT GAGGTAGCGAGTCAGCTTCTT 
Slc2a1/Glut1 NM_011400 CTCTGTCGGCCTCTTTGTTAAT CCAGTTTGGAGAAGCCCATAAG 
Il10 NM-010548 AAGGGTTACTTGGGTTGCCA TTTCTGGGCCATGCTTCTCTG 
Il6 NM-031168 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG 
Csf1 NM_001113529 GGCTTGGCTTGGGATGATTCT GAGGGTCTGGCAGGTACTC 
Arg1 NM-007482 CAAGACAGGGCTCCTTTCAG TTCACAGTACTCTTCACCTCCT 
Lgals3/Cd11c NM_001145953.1 CAGGATTGTTCTAGATTTCAGGAG TGTTGTTCTCATTGAAGCGG 
Axl NM_009465.4 TGAAGCCACCTTGAACAGTC GCCAAATTCTCCTTCTCCCA 
Clec7a/Dectin-1 NM_020008.3 CCCAACTCGTTTCAAGTCAG AGACCTCTGATCCATGAATCC 
Hmbs NM_013551.2 CCGAGCCAAGCACCAGGATA CTCCTTCCAGGTGCCTCAGA 
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