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Abstract

Lactic acidosis has been reported in solid tumor microenvironment (TME) including glioblastoma (GBM). In TME, several
signaling molecules, growth factors and metabolites have been identified to induce resistance to chemotherapy and to sustain
immune escape. In the early phases of the disease, microglia infiltrates TME, contributing to tumorigenesis rather than coun-
teracting its growth. Insulin-like Growth Factor Binding Protein 6 (IGFBP6) is expressed during tumor development, and it
is involved in migration, immune-escape and inflammation, thus providing an attractive target for GBM therapy. Here, we
aimed at investigating the crosstalk between lactate metabolism and IGFBP6 in TME and GBM progression. Our results show
that microglia exposed to lactate or IGFBP6 significantly increased the Monocarboxylate transporter 1 (MCT1) expression
together with genes involved in mitochondrial metabolism. We, also, observed an increase in the M2 markers and a reduc-
tion of inducible nitric oxide synthase (iINOS) levels, suggesting a role of lactate/IGFBP6 metabolism in immune-escape
activation. GBM cells exposed to lactate also showed increased levels of IGFBP6 and vice-versa. Such a phenomenon was
coupled with a IGFBP6-mediated sonic hedgehog (SHH) ignaling increase. We, finally, tested our hypothesis in a GBM
zebrafish animal model, where we observed an increase in microglia cells and igfbp6 gene expression after lactate exposure.
Our results were confirmed by the analysis of human transcriptomes datasets and immunohistochemical assay from human
GBM biopsies, suggesting the existence of a lactate/IGFBP6 crosstalk in microglial cells, so that IGFBP6 expression is
regulated by lactate production in GBM cells and in turn modulates microglia polarization.
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Introduction

Glioblastoma Multiforme (GBM) is the most common pri-
mary brain tumor, in which infiltration pattern, radioresist-
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factors in developing effective therapies [1]. Treatment
resistance, tumor recurrence and poor prognosis are the
combined results of both cancer cell proliferation and the
interaction with tumor microenvironment (TME) [2] which
includes different cell types such as glioma-associated
microglia/macrophages (GAMs).

Microglia are sentinels cells of the central nervous system
(CNS), interacting with astrocytes and other cell popula-
tions and playing key roles under both physiological and
pathological conditions [3]. GAMs are functionally similar
to that of tumor-associated macrophages in the peripheral
system and closely interact with GBM cells via intracellular
communications [4]. Although GAMs possess a few innate
immune functions, their ability to be stimulated via toll-like
receptors (TLRs), secreting cytokines, and upregulating co-
stimulatory molecules is not sufficient to initiate antitumor
immune responses [5]. However, in malignant gliomas,
M2-polarization of microglia leads to an immunosuppres-
sive and tumor-supportive phenotype triggered by a series
of tumor cytokines, such as transforming growth factor-f,
interleukin-10, and prostaglandin E2 and other growth fac-
tors [6].

TME is critical to establish malignancy and it is char-
acterized by high glycolytic metabolism with increased
lactate production [7]. Lactate is largely produced within
the TME and is used as an energy-rich substrate, signal-
ing molecule and as an important immune suppressor by
tumors. The glycolytic cancer cells and cancer-associated
fibroblasts (CAFs) are the main producers of lactate, sim-
ply because they are the most abundant populations within
the neoplasm [7]. TME enforces to metabolic adaptability,
physical pressure, oxidative stress, nutrient deprivation and
competition, immune surveillance as well as adaptability
to hypoxic and acidic environment, all having an enormous
impact on tumor malignancy [8]. Therefore, a high rate of
aerobic glycolysis (glucose metabolism) efflux of resultant
lactic acid [9], and concomitant acidification of the TME are
hallmarks of several cancers, including GBM [10]. Tumor-
derived lactate is taken up by GAMs through their monocar-
boxylate transporters (MCT1, MCT2 and MCT4), leading
to the transcription of the vascular endothelial growth factor
(VEGF) and the l-arginine- metabolizing enzyme arginase- 1
(ARGT1) genes inhibiting T-cell activation and proliferation
[11]. Furthermore, MCT-mediated H efflux increases extra-
cellular acidification supporting the formation of a unfavora-
ble environment in which cancer cells that have adapted
to these conditions can outcompete normal cells and thus
further enhancing tumor progression [12]. Over-expression
of lactate transporters is a common feature of cancers with
high metabolic rate [13]. To this regard, high expression of
MCT1, MCT4 and its chaperone CD147 is associated with
decreased progression-free survival in clear cell renal cell
carcinoma, head and neck cancers and neuroblastoma [14].
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The insulin-like growth factor (IGF) system is ubiqui-
tously present and includes the type I and type II IGF recep-
tors (IGF-I and IGF-II) and specific insulin-like growth
factor-binding proteins (IGFBPs), which are a family of
six proteins functioning as transport proteins for IGF-I and
IGF-II in the circulation and regulating their access to the
potentially oncogenic IGF-I receptor (IGF1R) [15]. Interest-
ingly, IGFBPs may inhibit and/or enhance IGF-I and IGF-1I
biological effects. In particular, the insulin-like growth fac-
tor binding protein 6 (IGFBP6) is expressed in a variety of
tissues and its expression is developmentally regulated [16]
and is characterized by its high IGF-II binding specificity.
Several studies showed that IGFBP6 may exert biological
effects independently from IGF-II [17], such as regulation
of proliferation, apoptosis, angiogenesis and cell migration,
suggesting a major role in immunity and in inflammation.
Among various growth factors, IGFBP6 was reported to play
an important role in survival and migration of tumor cells
[18], but its effects on tumor and immune system interaction
are still poorly understood and the relationships between
IGFBP6 and cancer prognosis remain contradictory in many
studies [19].

To this regard, the aim of the present study was to evalu-
ate the crosstalk between lactate and IGFBP6 in microglial
cells and how such interaction modulates TME and GBM
progression.

2. Material and methods

Cell culture, pharmacological treatments and MTT
turnover

Human glioblastoma cell lines (U-87 MG, A-172 and U-251
MG) were purchased from ATCC Company (Milan, Italy).
Cells were suspended in DMEM (Gibco, cat. no. 11965092)
culture medium containing 10% fetal bovine serum (FBS,
Gibco, cat. no. 10082147), 100 U/mL penicillin and 100 U/
mL streptomycin (Gibco, cat. no. 15070063). At 80% con-
fluency, cells were passaged using trypsin—EDTA solution
(0.05% trypsin and 0.02% EDTA, Gibco, cat. no. 25300054).

Human microglia cell line (HMC3) was purchased from
ATCC Company (Milan, Italy). HMC3 cells were cultured
according to the recommendations by ATCC, where EMEM
(ATCC® 30-2003TM) was used as the base medium and
completed by adding 56 mL FBS (ATCC® 30-2020TM)
to a 500 mL of base EMEM. Lactate and IGFBP6 (Sigma-
Aldrich, Milan, Italy) were added to cell culture of all exper-
iments at final concentrations of 20 mM and 400 ng/mL,
respectively, for 24, 48 and 72 h, as previously reported [20].
Cyclopamine was used at a final concentration of 1 pM, as
previously reported [21]. The MTT assay was performed
as previously described [22], on separate plates. Briefly, a
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solution of MTT at a final concentration of 5 mg/mL was
added to each well and incubated for 2 h at 37 °C/5% CO,.
Media were then gently removed, MTT solvent (DMSO,
Sigma) was added, and cells were stirred on an orbital shaker
for 5 min at room temperature. The absorbance was meas-
ured using a Varioskan Flash spectrophotometer (Thermo
Scientific, Milan, Italy) at 550 nm. Results were expressed
as the percentage of MTT reduction versus control cells.

Real-Time PCR for gene expression analysis

RNA was extracted by Trizol® reagent (category no.
15596026, Invitrogen, Carlsbad, CA, USA). The first-strand
cDNA was then synthesized with High-Capacity cDNA
Reverse Transcription kit (category no. 4368814, Applied
Biosystems, Foster City, CA, USA). High cDNA quality was
checked, taking into consideration the housekeeping gene Ct
values. Quantitative real-time PCR was performed in Step-
One Fast Real-Time PCR system, Applied Biosystems, using
the SYBR Green PCR MasterMix (category no. 4309155,
Life Technologies, Monza, Italy). The specific PCR prod-
ucts were detected by the fluorescence of SYBR Green, the
double-stranded DNA binding dye. Primers were designed
using BLAST® (Basic Local Alignment Search Tool, NBCI,
NIH), considering the shortest amplicon proposed: primers'
sequences are shown in Table 1, and f-actin was used as the
housekeeping gene. Primers were purchased by Metabion
International AG (Planneg, Germany). The relative mRNA

expression level was calculated by the threshold cycle (Ct)
value of each PCR product and normalized with $-actin by
using a comparative 2744 method.

Western blot analysis

Briefly, for western blot analysis, 30 pg of protein was
loaded onto a 12% polyacrylamide gel MiniPROTEAN®
TGXTM (BIO-RAD, Milan, Italy) followed by electrotrans-
fer to nitrocellulose membrane TransBlot® TurboITM (BIO-
RAD, Milan, Italy) using TransBlot® SE Semi-Dry Transfer
Cell (BIO- RAD, Milan, Italy). Subsequently, membrane
was blocked in Odyssey Blocking Buffer (Licor, Milan,
Italy) for 1 h at room temperature. After blocking, membrane
was three times washed in phosphate-buffered saline (PBS)
for 5 min and incubated with primary antibodies against
MCT1 (1:1000), MCT4 (1:1000), IGFBP6 (1:500) and
B-actin (1:1000) (anti-mouse, Cat. No. 49678, Cell Signal-
ling Technology, Milan, Italy), overnight at 4 °C. Next day,
membranes were three times washed in PBS for 5 min and
incubated with infrared anti-mouse IRDye800CW (1:5000)
and anti-rabbit IRDye700CW secondary antibodies (1:5000)
in PBS/0.5% Tween-20 for 1 h at room temperature. All
antibodies were diluted in Odyssey Blocking Buffer. The
blots were visualized using Odyssey Infrared Imaging Scan-
ner (Licor, Milan, Italy), and protein levels were quantified
by densitometric analysis. Data were normalized to B-actin
expression.

Table 1 List of qRT-PCR Gene of interest

Forward primer (5" — 3')

Reverse primer (5" —> 3')

AAGTCGATAATTGATGCCCATGCCAA

primers
SLC16A1 TGTTGTTGCAAATGGAGTGT
SLC16A3 TATCCAGATCTACCTCACCAC
GFBP6 CCTGCTGTTGCAGAGGAGAAT
PGCla ATGAAGGGTACTTTTCTGCCCC
TFAM CCGAGGTGGTTTTCATCTGT
ATPSF1A CCGCCTTCCGCGGTATAATC
COX 1V GCGGTGCCATGTTCTTCATC
cox 11 GAACTATCCTGCCCGCCATC
CYTB TCTTGCACGAAACGGGATCA
ND4 ACAAGCTCCATCTGCCTACGACAA
ARG1 TCACCTGAGCTTTGATGTCG
CD206 CAAGGAAGGTTGGCATTTGT
CD163 TCCACACGTCCAGAACAGTC
TNF AGAAGTTCCCAAATGGCCTC
LDHA GGATCTCCAACATGGCAGCCTT
ENO1 AAAGCTGGTGCCGTTGAGAAG
HK2 ATGAGGGGCGGATGTGTATCA
IL1B CTGGTGTGTGACGTTCCCATTA
TLR4 AAGCCGAAAGGTGATTGTTG
SHH GCGAGATGTCTGCTGCTAGT
P-actin CCTTTGCCGATCCGCCG

GGCCTGGCAAAGATGTCGATGA
CTCTGCGGTTCACATCCTGT
GGTCTTCACCAACCAGAGCA
AGTCTTCAGCTTTTCCTGCG
ATGTACGCGGGCAATACCAT
GGGCCGTACACATAGTGCTT
AGGGATCGTTGACCTCGTCT
TGATTGGCTTAGTGGGCGAA
TTATGAGAATGACTGCGCCGGTGA
CTGAAAGGAGCCCTGTCTTG
CCTTTCAGTCCTTTGCAAGC
CCTTGGAAACAGAGACAGGC
CCACTTGGTGGTTTGCTACG
AGACGGCTTTCTCCCTCTTGCT
AGCATGAGAACCGCCATTGAT
GGTTCAGTGAGCCCATGTCAA
CCGACAGCACGAGGCTTT
CTGAGCAGGGTCTTCTCCAC
TTACACCTCTGAGTCATCAGC
AACATGATCTGGGTCATCTTCTCGC
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Immunocytochemical analysis

HMC3 cells were grown directly on coverslips before immu-
nofluorescence and treated with lactate at the final concen-
tration of 20 mM and with IGFBP6 at the final concentration
of 400 ng/mL for 72 h. After washing with PBS, cells were
fixed in 4% paraformaldehyde (category no. 1004968350
Sigma-Aldrich, Milan, Italy) for 20 min at room tempera-
ture. Subsequently, cells were incubated with primary anti-
body against ARG1 and iNOS at dilution 1:200, overnight
at 4 °C. The next day, cells were washed three times in PBS
for 5 min and incubated with secondary antibodies: TRITC
(anti-goat, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at dilution 1:200 for 1 h at room temperature. Cells
were washed three times in PBS for 5 min and incubated
with phalloidin at dilution 1:500 for 30 min. The slides were
mounted with medium containing DAPI (4',6- diamidino-
2phenylindole, category no. sc-3598, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) to visualize nuclei. The fluo-
rescent images were obtained using a Zeiss Axio Imager Z1
microscope with Apotome 2 system (Zeiss, Milan, Italy). As
a control, the specificity of immunostaining was verified by
omitting incubation with the primary or secondary antibody.
Immunoreactivity was evaluated considering the signal-to-
noise ratio of immunofluorescence.

Lactate concentration measurement

The spectrophotometric determination of lactate was car-
ried out using an Agilent 89090A spectrophotometer (Agi-
lent Technologies, Santa Clara Ca, USA) and following the
method described by Artiss et al. [23]. Briefly, the reaction
mixture contained 100 mM Tris—HCl, 1.5 mM N-ethyl-N-
2-hydroxy-3-sulfopropyl-3-methylalanine, 1.7 mM 4-amino-
antipyrine, and 5 IU horseradish peroxidase. Fifty microlit-
ers of serum were added to the mixture, let to stand for 5 min
and read at 545 nm wavelength. The reaction was started
with the addition of 5 IU of lactate oxidase to the cuvette
(finale volume =1 ml) and it was considered ended when
no change in absorbance was recorded for at least 3 min. To
calculate lactate in samples, the difference in absorbance at
545 nm wavelength (Aabs) of each sample was interpolated
with a calibration curve obtained by plotting Aabs meas-
ured in standard solutions of lactate with increasing known
concentrations.

IGFBP6 ELISA test

Cell culture supernatant collected on 24 h from cell-laden
hydrogel were frozen at— 80 °C until use. We determined
in culture media the quantitative concentrations of IGFBP6
with IGFBP6 Human ELISA Kit (catalog #EHIGFBP6, Inv-
itrogen) according to the manufacturer’s instructions.
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Cell migration

Cell proliferation was studied by employing the “wound
healing” assay. Cells were seeded separately in 6-well dishes
and cultured until confluence. Cells were scraped with a
200-pl micropipette tip and monitored at 0 h, 24 h and 48 h.
The uncovered wound area was measured and quantified at
different intervals with ImageJ 1.37 V (NIH). The experi-
ments were done in quadruplicates.

Clonogenic assay

Colony assays performed by seeding cells in 6-well plates
at low density (5000 cells/well) and allowing growth for
10 days. Colonies were fixed, stained with crystal violet and
colonies were quantified with Operetta high content screen-
ing (HCS) System (Perkin Elmer). The experiments were
performed in quadruplicates.

Zebrafish model

Adult zebrafish (Danio rerio) were housed in the Model
Organism Facility—Center for Integrative Biology (CIBIO)
University of Trento and maintained under standard condi-
tions [24]. All zebrafish studies were performed according
to European and Italian law, D.Lgs. 26/2014, authorization
148/2018-PR to M. C. Mione. Fishes with somatic and ger-
mline expression of oncogenic HRAS were generated as
described [25, 26]. Two days postfertilization (dpf) were
treated daily with 20 mM lactate dissolved in fish water, until
Sdpf when analyses of gene expression and microglia were
performed; controls were left untreated.

The following zebrafish transgenic lines were used in the
course of this study:

Et(zic4:GaldTA4, UAS:mCherry),,,,s called zic:Gal4 [25]
Tg(UAS:eGFP-HRAS_GI12V), 06 called UAS:RAS [26]

The characterization of the GBM model is described in
detail in Mayrhofer et al. [25].

Gene expression analysis

For gene expression analysis, total RNA was extracted
from 20 5dpf zic:RAS larvae treated or not with 20 mM
lactate, using the NucleoSpin RNA isolation kit (MN) fol-
lowing the manufacturer’s instructions and treated with
DNasel (Thermo Fisher, 10 units/RNA sample). The RNA
concentration was quantified using nanodrop2000 (Thermo
Fisher) and SensiFAST cDNA Synthesis Kit (Bioline)
was used for First-strand cDNA synthesis according to
the manufacturer’s protocol. qRT-PCR analysis was per-
formed using ExcelTaq qPCR Master Mix (SMOBIO)
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using a standard amplification protocol. The primers used
for zebrafish igfbp6a were: forward 5'-TGCTTTAGGGCT
CCGTTGTA-3' and reverse 5'-ACATGGACCCTTCTC
GTTGT-3"; for zebrafish igfbp6b were: forward 5'-TTG
TATCCTCTGGCACTGCA-3" and reverse 5'-CAGACA
CCAGGATCCACAGT-3'; for zebrafish rpsi1 (housekeep-
ing): forward: 5'-~ACAGAAATGCCCCTTCACTG-3' and
reverse: 5'-GCCTCTTCTCAAAACGGTTG-3'. Real-time
PCR was performed with a CFX96 Real-Time PCR Detec-
tion System (Bio-Rad) machine. Q-PCR analysis was per-
formed with Microsoft Excel and GraphPad Prism. In all
cases, each PCR was performed with triplicate samples
and repeated with at least three biological replicates.

Immunofluorescence for microglia markers
in zebrafish

For whole-mount immunofluorescence of 5 day postfer-
tilization (dpf) zebrafish, zic:RAS larvae were culled by
anesthetic overdose, fixed in 4% PFA for 2 hto 12 h at 4
C, and their brains carefully were removed under a ster-
eomicroscope and processed with the primary antibody
diluted in PBS containing 5% normal goat serum and 0.1%
triton x-100 at 4 °C overnight. The antibody used and its
dilution are: L-plastin (a gift of Prof. Paul Martin, Bristol
University), diluted 1:1000 in 5% NGS, 0.5% Triton X100
in PBS overnight. A secondary antibody conjugated with
Alexa 633 was used for 12 h at 4 °C. Images were acquired
using an inverted Leica TSP8 confocal microscope, after
equilibrating the brains in 100% glycerol. Counts were
performed manually on 5 different brains for each condi-
tion using Image J software.

Glioblastoma biopsies

Formalin-fixed and paraffin-embedded tissue specimens
from 10 patients affected by GBM were obtained from
the surgical pathology files at the Anatomic Pathology,
Department G.F. Ingrassia, University of Catania, Catania,
Italy. Multiple sections (at least 5) were obtained from
formalin-fixed and paraffin-embedded tissue specimens.
Due to the retrospective nature of the study, no written
informed consent from patients was obtained. The study
included 6 male and 4 female patients (mean age: 61 years;
age range: (41-81). According to the World Health Organ-
ization criteria, the histologic diagnosis of GBM was ren-
dered in presence of the following morphological criteria:
(1) high-grade glioma with astrocytic morphology; (ii) dif-
fuse growth pattern; (iii) foci of necrosis and/or microvas-
cular proliferation.

Immunohistochemical analysis

Sections were processed as previously described [27].
Then, the sections were incubated overnight at 4 °C with
rabbit polyclonal anti-IGFBP6 antibody (Sigma, Milan,
Italy), ready to use in PBS (Sigma, Milan, Italy) and
MIB-1, a monoclonal antibody directed against the Ki-67
antigen (M7240; Dako Corporation, Glostrup, Denmark),
diluted 1:75 in PBS (Sigma, Milan, Italy). The secondary
antibody, biotinylated anti-rabbit antibody was applied for
30 min at room temperature, followed by the avidin—bio-
tin—peroxidase complex (Vector Laboratories, Burlingame,
CA, USA) for a further 30 min at room temperature. The
immunoreaction was visualized by incubating the sec-
tions for 4 min in a 0.1% 3,3'-diaminobenzidine (DAB)
and 0.02% hydrogen peroxide solution (DAB substrate
kit, Vector Laboratories, CA, USA). The sections were
lightly counterstained with Mayer’s hematoxylin (Histolab
Products AB, Géteborg, Sweden) mounted in GVA mount-
ant (Zymed Laboratories, San Francisco, CA, USA) and
observed with a Zeiss Axioplan light microscope (Carl
Zeiss, Oberkochen, Germany). IGFBP6 staining (both
nuclear and cytoplasmic staining) was semi-quantitatively
evaluated according to a 0 to 3 scale of Intensity of Stain-
ing (IS) and to the percentage of positively stained cells
(Extent Score, ES; on a five-tiered system: < 5; 5-30;
31-50; 51-75;>75%. The immunoreactivity score (IRS)
has been obtained by multiplying IS and ES: low (L-IRS)
and high (H-IRS) expression of IGFBP6 were respectively
defined as IRS <6 and IRS > 6.

MIB-1 immunohistochemical expression was assessed
as low if positive in less than 50% of neoplastic cells, as
high if positive in more than 50% of neoplastic cells.

Transcriptome analysis
Dataset selection

The NCBI Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) [28] was used to select
transcriptomes datasets of interest. Mesh terms, “human”,
“glioblastoma”, and “tumor grade”, were used to iden-
tify the datasets. We sorted the datasets by the number of
samples (High to Low), age and sex of the participants
and by the clinical data made available by the authors.
We selected the GSE108474 dataset [29] over the others
available for the number of subjects recruited (541), for
the availability of clinical data (tumor staging) and for the
variety of tumors analyzed (glioblastoma, oligodendro-
glioma, astrocytoma and normal subjects).
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Data processing, experimental design and statistics

To process and identify Significantly Different Expressed
Genes (SDEG) within the datasets, we used the MultiEx-
periment Viewer (MeV) software (The Institute for Genomic
Research (TIGR), J. Craig Venter Institute, La Jolla, USA).
In cases where multiple genes probes have insisted on
the same GenelD NCBI, we used those with the highest
variance.

For GSE108474, we performed a statistical analysis with
GEOZ2R, applying a Benjamini & Hochberg (False discovery
rate, Table 2) [30].

Significant differences between groups were assessed
using the Ordinary one-way ANOVA test, and Tukey’s mul-
tiple comparisons test correction was performed to com-
pare data between all groups. Correlations were determined
using Pearson correlation. All tests were two-sided and
significance was determined at adjusted p value 0.05. The
dataset selected was transformed for the analysis in Z-score
intensity signal. Z-score is constructed by taking the ratio of
weighted mean difference and combined standard deviation
according to Box and Tiao [31]. The application of a clas-
sical method of data normalization, z-score transformation,
provides a way of standardizing data across a wide range of
experiments and allows the comparison of microarray data
independent of the original hybridization intensities. The
z-score is considered a reliable procedure for this type of
analysis and can be considered a state-of-the-art method, as
demonstrated by the numerous bibliography [32].

The efficiency of each biomarker across the different
tumor grade was assessed by the receiver operating char-
acteristic (ROC) curve analyses [33]. The ROC curves
analyzed brain biopsies of healthy subjects (NT) vs glio-
blastoma patients, astrocytoma vs glioblastoma, and oli-
godendroglioma vs glioblastoma. The area under the ROC
curve (AUC) and its 95% confidence interval (95% CI) indi-
cate diagnostic efficiency.

Statistical analysis
For statistical analyses, a two-tailed unpaired Student’s t test

was used for comparison of n=2 groups. For comparison
of n>3 groups, one-way analysis of variance (ANOVA)

Table 2 Samples selected from GSE108474

Disease type Number Grade

NT 28 Negative

Astrocytoma 148 NA=25;G2=65; G3=58
Oligodendroglioma 67 NA=14; G2=30; G3=23
Glioblastoma 221 Na=91;G4=130

G tumor grade, NA not assigned, N7 non tumor
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followed by Bonferroni post-hoc test for multiple compari-
sons was used. Data are presented as the mean +SD. A value
of P <0.05 was considered statistically significant and sym-
bols used to indicate statistical differences are described in
figure legends.

Results

Lactate induces the expression of MCT1 promoting
an oxidative metabolism in microglia cells

We firstly evaluated the effect of lactate on microglia
cells viability. As shown in Fig. 1A, lactate 20 mM
(48 h) resulted in a significant increase in MTT turnover
(135.67% +10.03%) as compared to untreated control cells
(100 +£3.7%, Fig. 1A). Therefore, we used this concentra-
tion for subsequent experiments. We then evaluated the
effect of lactate on MCTs expression and in mitochondrial
metabolism by evaluating mitochondrial biogenesis and
oxidative phosphorylation in microglia cells. Our results
showed a significant increase in relative mRNA levels of
SLCI16AI(MCTI) (6.97 + 0.55) and SLCI6A3 (MCT4)
(2.57+0.3) when exposed to 48 h as compared to untreated
control cells (Fig. 1B,C). Because oxidative cancer cells
expressing MCT1 are capable of taking up lactate secreted
by glycolytic cancer cells, we analyzed mRNA expression
of a panel of genes involved in mitochondrial metabolism.
Our results showed that lactate treatment induced a signifi-
cant change in the expression of genes involved in mito-
chondrial biogenesis and oxidative phosphorylation. As
shown in Fig. 1D-J, following lactate exposure, microglia
cells showed a significant increase in relative mRNA levels
of PGCla (48 h: 6.97+0.23, Fig. 1D) and TFAM (24 h:
1.2+0.05, Fig. 1E), coupled with an overall increase in COX
IV (24 h: 1.23+0.07, Fig. 1G), COX II (24 h: 1.40+0.18,
Fig. IH), CYTB (24 h: 1.45+0.13, Fig. 1I) and ND4 (24 h:
1.53+0.11, Fig. 1J) compared to untreated control cells. We
also performed analysis of mitotracker fluorescence intensity
on control versus lactate treated cells, showing that lactate
was able to significantly increase cytoplasm mitotracker
intensity 18 h following treatment (Fig. 1K).

Lactate promotes microglia M2 polarization
through the expression of IGFBP6

To further confirm whether lactate serves as an onco-
metabolite driving anti-inflammatory polarization of
microglia in TME and promoting tumor progression, we
assessed the effect of lactate exposure on the expression
of pro- and anti-inflammatory markers. Firstly, we evalu-
ated the expression of ARGI, CD206, CD163, TGEf;, IL6
and TNF genes. Our data suggested that after 24 and 48 h
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incubation, lactate treatment showed a significant increase
in relative mRNA expression levels of M2-like pheno-
type markers ARG/ (24 h: 2.70+0.23, 48 h: 2.50+0.14,
Fig. S1A), CD206 (24 h: 2.37+ 0.09, 48 h: 4.25+ 0.12,
Fig. S1B), CD163 (48 h: 4.47 +0.34, Fig. S1C), TGEf
(24 h: 2.67 +0.27, 48 h: 2.68 + 0.23, Fig. S1D) and /L6
(24 h: 1.77+0.18, 48 h: 1.55 +0.08 Fig. S1E). Consist-
ently, these results were confirmed by immunocytochem-
istry analysis, showing that lactate treated cells (72 h)
showed lower levels of iNOS (M1-like phenotype marker)
and higher levels of ARG1 (M2-like phenotype marker)
compared to their untreated control cells (Fig. S1G-H).

Given the evidence on cellular modulation exerted by
increased extracellular levels of lactate, we sought to link
molecular mechanisms underlying these phenomena with
the expression of IGFBP6. Therefore, we first analyzed the
effect of lactate on the expression of IGFBP6. Our results
(Fig. 2A-B) showed that treatment with lactate in micro-
glia cells resulted in a significant increase in both rela-
tive mRNA (24 h: 2.02 +0.14, Fig. 2A) and protein (24 h:
3.77+0.21, Fig. 2B) expression levels compared with
untreated control cells. These data were confirmed by the
ELISA test performed on cell culture supernatants (1752.6
ug + 123.5 lactate versus 83.6 ug + 1.29 control, Fig. 2C).
Furthermore, we also treated microglia cells with the
recombinant protein IGFBP6 (400 ng/mL) for 24 and 48 h
and evaluated whether IGFBP6 was also able to promote
oxidative metabolism and M2 polarization. Consistently,
we showed that, similarly to lactate, IGFBP6 was also able
to induce a significant increase in relative mRNA expres-
sion levels of genes involved in oxidative phosphorylation
pathway, i.e. ATP synthase F1 subunit alpha (ATP5F1A)
(24 h: 2.14+0.21, Fig. 2D), COX 1V (24 h: 3.69 +0.44,
Fig. 2E), COX II (24 h: 1.32+0.15, Fig. 2F), CYTB (24 h:
14.59+0.8, Fig. 2G) and ND4 (24 h: 14.21 + 1.2, Fig. 2H),
confirming that IGFBP6 promotes oxidative metabolism
in microglia cells. These data were further confirmed
by mitotracker fluorescence intensity analysis, showing
that IGFBP6 treated cells showed significantly increase
in cytoplasm mitotracker intensity 18 h post-treatment
compared to control cells (Fig. 2M). Then, we evaluated
the effect on M1-like and M2-like phenotype markers, as
shown in Fig. 2J-0. In this regard, our results showed an
increase in ARGI (24 h: 14.21 +1.2, 48 h: 1.87 +0.36,
Fig. 2J), CD206 (48 h: 1.80 +0.36, Fig. 2K), CD163
(48 h: 2.09 +0.45, Fig. 2L) and a decrease in TNF (48 h:
0.14 +0.03, Fig. 2M) mRNA expression levels in IGFBP6
treated microglia cells compared to untreated control cells.
Furthermore, we confirmed these results by immunocy-
tochemistry analysis, which showed a reduction in iNOS
(Fig. 2N) expression and an increase in ARG1 (Fig. 20)
expression following 72 h of IGFBP6 treatment compared
to untreated cells.

IGFBP6 enhances migration and colony formation
capacity in glioblastoma cells

Microglia plays an important role in the microenvironment
that supports Glioblastoma progression. Since lactate pro-
motes tumor proliferation and migration in GBM cells, we
evaluated the effect of lactate on IGFBP6 expression and the
effect of IGFBP6 exposure in three human GBM lines (i.e.
U-87 MG, A-172 and U-251 MG). Interestingly, our results
showed that in three GBM cell lines (U-87 MG, A-172 and
U-251 MQG), lactate induced a significant increase in relative
IGFBP6 mRNA expression levels following 24 h (U-87 MG:
10.48 +0.8; A-172: 12.79+1.2; U-251 MG: 2.11+0.16,
Fig. 3A) and 48 h (U-87 MG: 19.16+2.9; A-172: 4.96 +0.3;
U-251 MG: 4.02+ 0.3, Fig. 3A) of treatment compared to
their untreated control cells. Similarly, we evaluated IGFBP6
production in cell culture supernatant following 24 h of lac-
tate treatment, showing that IGFBP6 production was signifi-
cantly increased in the supernatant of lactate treated U-87
MG (3.87 +0.46 ng/mL, Fig. 3B) cells compared to control
cells (0.089 +0.01 pg/mL, Fig. 3B). The same results were
observed in A-172 (4.34 +0.09 pg/mL lactate versus 0.23
+0.04 pg/mL, Fig. 3B) and U-251 MG (3.54 + 0.25 pg/mL
lactate versus 0.07 + 0.01 pg/mL control, Fig. 3B) cells.
Therefore, in order to demonstrate a possible link between
lactate and IGFBP6, we also evaluated lactate production
in supernatants of IGFBP6-treated GBM cells and whether
IGFBP6 exposition affects expression of metabolic enzymes
and cell migration on GBM cell lines. Interestingly, our
results showed a significant increase in lactate production in
supernatants of IGFBP6-treated cells, in all three tested cell
lines U-87 MG (6.97 +0.3 mM lactate versus 6.01 +0.3 mM
control, Fig. 3C), A-172 (8.5 +£0.7 mM lactate versus
7.1+0.05 mM control, Fig. 3E) and U-251 MG (8.65 +0.6
mM lactate versus 7.8 +0.16 mM control, Fig. 3G). Further-
more, exposure to IGFBP6 for 24 h in GBM cells resulted
in a significant increase in lactate dehydrogenase A (LDHA)
mRNA levels in U-87 MG (1.75 +0.15, Fig. 3D), A-172
(36.9+3.9, Fig. 3F) and U-251 MG (27.2+3.2, Fig. 3H)
compared to their control cells, a significant increase in
hexokinase 2 (HK2) mRNA expression levels in all three
cell lines (Fig. 3D-H), and a significant increase in Enolase
1 (ENOI) mRNA expression levels only in U-87 MG and
A-172 cells but not in U-251 MG (Fig. 3D-H). Consist-
ently, we observed a reduced percentage of wound wide-
ness at 48 h in U-87 MG (9.08 +2.73% IGFBP6 versus
29.9+3.9% control, Fig. 4B), A-172 (3.86 +2.3% IGFBP6
versus 13.84 +4.9% control, Fig. 4A-C) and U-251 MG
(7.25 £2.01% IGFBP6 versus 39.97 +2.5% control, Fig. 3D)
cells. We also confirmed the effects of IGFBP6 on colony
formation capacity, finding a significantly increased in colo-
nies number (53.25 + 3.7 IGFBP6 versus 32.75+3.31 con-
trol, Fig. 4E-H) but not in the growth area of each colony in
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«Fig. 1 Lactate induces the expression of MCT1, promoting an oxida-
tive metabolism in microglia cells. Effect of Lactate on A cell viabil-
ity, B SLC16A1 (MCTI) and C SLCI16A3 (MCT4) mRNA expression
levels, in microglia cells. Evaluation of relative mRNA expression
levels of D PGCla, E TFAM, F ATP5FIA, G COX IV, H COX II, 1
CYTB, J ND4, following 24 and 48 h of lactate exposition, analyzed
by Real-time PCR. The calculated value of 2744 in untreated con-
trols is 1. K Cytoplasm Mitotracker Intensity. Data are expressed as
mean+SD of at least four independent experiments. (*P<0.05;
*#P <0.005; ***P <0.001; ****P <0.0001). Scale bars in K 10 pm

U-87 MG cells (Fig. 4E-H). A-172 cells exhibited a signifi-
cant increase in both the number of colonies (89.25+2.21
IGFBP6 versus 48.75 + 11.6 control, Fig. 4F-I) and the colo-
nies area (1.83 +0.16 mm? IGFBP6 versus 0.93 +0.01 mm?
control, Fig. 4F-I). Similar results were obtained in
U-251 MG cells, showing an increase in colonies number
(436.5 + 17.8 IGFBP6 versus 212 +44.2 control, Fig. 4G-J)
and in colonies area (0.4 +0.06 mm? IGFBP6 versus 0.13
+0.01 mm? control, Fig. 4G-J).

IGFBP6 increases sonic hedgehog signalling
pathway activation in GBM and microglia

In an attempt to link the effects of IGFBP6 with key inducers
and regulators of cell fate and proliferation, we investigated
whether IGFBP6 stimulation was coupled to SHH deregula-
tion again. Surprisingly, IGFBP6 stimulation was associated
with significant increase in SHH mRNA expression level
(2.37+0.25 IGFBP6 versus 1.00+0.06 control, Fig. SA)
and increased expression of the GLI zinc finger 1 family
protein (GLI1) (1.02 +0.12 IGFBP6 versus 0.77 +0.05
control, Fig. 5B), indicating that IGFBP6 stimulation was
able to induce the canonical SHH signaling pathway on
HMC3 microglial cells, and that this effect was reversed
by co-treatment with cyclopamine (i.e. inhibitor of the
SHH pathway) (0.63 +0.0. IGFBP6/cyclopamine versus
1.02 +0.12 IGFBP6, Fig. 5B), but this did not happen in
glioblastoma cells (Figure S2). Similarly, we analyzed TLR4
mRNA expression levels after exposure to IGFBP6 and/or
cyclopamine, showing that IGFBP6 was capable of induc-
ing significant increased expression of TLR4 mRNA both in
microglia (5.27 +0.55 IGFBP6 versus 1.00+0.25 control,
Fig. 5C) and GBM cells (U-87 MG: 1.80+0.08 IGFBP6
versus 1.00 +£0.18 control, Fig. SE; A-172: 8.89+0.30
IGFBP6 versus 1.00 +0.38 control, Fig. 5F; U-251 MG:
12.15 + 1.34 IGFBP6 versus 1.00+0.21 control, Fig. 5G)
and that this effect was reversed by IGFBP6/cyclopamine
co-treatment (HMC3: 1.89+0.31, Fig. 5C; U-87 MG:
1.25+0.04, Fig. 5E; A-172: 3.19+0.27, Fig. 5F; U-251 MG:
1.31+0.18, Fig. 5G). Interestingly, IGFBP6/cyclopamine
co-treatment in HMC3 cells also resulted in a significant
reduction in ARG1 mRNA expression levels (1.61+0.25
IGFBP6/cyclopamine versus 3.41 +0.34 IGFBP6, Fig. 5D).

Furthermore, in order to verify whether the IGFBP6/
SHH/TLR4 axis was involved in lactate production, we
also analyzed, in GBM cells, the concentration of lactate
produced after IGFBP6 and/or cyclopamine exposure,
showing that in all three glioblastoma cell lines IGFBP6
was able to induce a significant increase in lactate pro-
duction and that this effect was significantly reversed
by inhibition of SHH signaling by cyclopamine (U-87
MG: 5.47 +0.43 mM control, 7.58 +0.29 mM IGFBP6,
5.32 +0.29 mM cyclopamine, 3.29 +0.22 mM IGFBP6/
cyclopamine, Fig. 5SH; A-172: 6.65 + 0.32 mM control,
8.20 +£0.30 mM IGFBP6, 6.03 +0.23 mM cyclopamine,
4.00 +0.14 mM IGFBP6/cyclopamine, Fig. 5I; U-251
MG: 5.90 +0.39 mM control, 8.49 +0.41 mM IGFBP6,
6.11 +£0.30 mM cyclopamine, 4.07 +0.16 mM IGFBP6/
cyclopamine, Fig. 5J).

GBM derived IGFBP6 promotes microglia M2
polarization

Microglia exposed to the conditioned medium derived
from U-87 MG cells pre-treated with IGFBP6, showed a
significant decrease in relative mRNA expression levels of
TNF and a significant increase in relative mRNA expres-
sion levels of IL1b, ARGI, CD206 and CD163 compared
to both control cells and not pre-treated cells with IGFBP6
(Fig. 6A—B, Table S1). Consistently, our results showed
a similar effect in microglia exposed to the conditioned
medium derived from of A-172 cells pre-treated with
IGFBP6, as compared to control and untreated cells exposed
to A-172 medium (Fig. 6C-D, Table S1). Interestingly, the
conditioned medium from U-251 MG cells pre-treated with
IGFBP6 had no significant effect on TNF and CD206 rela-
tive mRNA expression levels compared to their controls
(Fig. 6E-F, Table S1).

Lactate induces changes in igfbp6b expression
in a zebrafish brain tumor model

To investigate the effects of lactate accumulation on GBM
and microglia cells in vivo, we used a zebrafish model
of Glioblastoma [37] (Fig. 7A). The levels of expres-
sion of igfpb6a and igfbp6b in response to lactate have
been analyzed through qPCR on total RNA extracted
from larvae developing GBM, incubated with lactate as
described above. Q-PCR analysis did not show signifi-
cant changes in igfpb6a expression levels (Fig. 7B) in
zic:RAS larvae treated with lactate, in comparison to not-
treated zic:RAS larvae. On the contrary, the expression
of igfbp6b appeared to be significantly increased upon
lactate treatment (Fig. 7C). We also analyzed the effects
of lactate on microglia number by immunostaining using
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Fig.2 Lactate induces IGFBP6
expression which promotes
M2-like phenotype polarization
of microglia. Effect of lactate
on IGFBP6 A mRNA expres-
sion levels, B protein expression
and C production in microglia
cells. Evaluation of relative
mRNA expression levels of D
ATP5FIAE COX 1V, F COX
1I, G CyTB, H ND4. 1 Cyto-
plasm Mitotracker Intensity.
Evaluation of relative mRNA
expression levels of J Argl, K
CD 206, L CD 163 and M TNF,
analyzed by real-time PCR. The
calculated value of 2744 in
untreated controls is 1. Immu-
nocytochemistry analysis of N
iNOS and O Argl, following

72 h of IGFBP6 treatment. Data
are expressed as mean +SD of
at least four independent experi-
ments. (*P <0.05; **P <0.005;
*#%P <0.001; ****P <0.0001).
Scale bars in (I, N and O)

10 pm
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A-172 and G U-251 MG cells. Evaluation of mRNA expression lev-
els of LDHA, ENO1 and HK2 in D U-87 MG, F A-172 and H U-251
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A-D and colony formation capacity G—H in Glioblastoma cells. Data

the microglia marker L-plastin (Fig. 7D). Incubation of
developing larvae from 2 to 5 dpf with 20 mM leads to
a significant increase in the number of cells expressing
L-plastin in brains of zic:RAS larvae, compared to non-
treated zic:RAS brains (Fig. 7E).
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are expressed as mean + SD of at least four independent experiments.
(*P<0.05; **P<0.005; ***P <0.001; ****P <0.0001). Scale bar in
(A) 100 pm and scale bar in (E, F and G) 1 mm

IGFBP6 was modulated in GBM patients

Across the whole cohort of GBM patients, the immuno-
histochemical expression of IGFBP6 was high (IRS >6) in
5 cases (50%) and low (IRS < 6) in the remaining 5 cases
(50%). Interestingly, all cases (5 out of 5) that showed high
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Fig.5 IGFBP6 increases sonic hedgehog signalling pathway activa-
tion in GBM and microglia.Evaluation of mRNA expression levels
of SHH in microglia cells treated with IGFBP6 A, and GLII protein
expression after IGFBP6 and cyclopamine treatment B. Evaluation
of mRNA expression levels of TLR4 C and ARG1 D after IGFBP6
and cyclopamine treatment in microglia cells. Evaluation of mRNA

immunohistochemical expression of IGFBP6, also exhib-
ited MIB-1 levels > 50% (Fig. 8); conversely, the remaining

expression levels of TLR4 after IGFBP6 and cyclopamine treatment
in U-87 MG E, A-172 F and U-251 MG G cells. Effect of IGFBP6
and cyclopamine treatment on lactate production in U-87 MG H,
A-172 T and U-251 MG J cells. Data are expressed as mean+SD
of at least four independent experiments. (*P<0.05; **P <0.005;
*#EP <0.001; #*+**P <0.0001)

cases (5 out of 5) with low IGFBP6 immunoexpression had
low MIB-1 proliferative rates (<50%). A positive corre-
lation was found between IGFBP6 immunohistochemical
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Fig.6 IGFBP6 produced by glioblastoma cells promote microglia
M2-like phenotype polarization.Evaluation of mRNA expression
levels of TNF, IL1B, ARG1, CD206 and CD163 in microglia cells
treated with conditioned medium of A-B U-87 MG, C-D A-172,

expression and MIB-1 proliferative rate in all GBM cases
examined.

IGFBP6 gene expression analysis in human glioma

The IGFBP6 gene expression analysis obtained from the
GSE108474 dataset showed that there were significant dif-
ferences when the expression levels obtained from brain
biopsies of glioblastoma patients were compared to the
other brain tumors stages. (Fig. 8). Specifically, patients
with glioblastoma expressed significantly higher levels of
the IGFBP6 messenger in the brain than patients with oli-
godendroglioma (P < 0.0001), astrocytoma (P <0.0001),
or healthy subjects (P <0.0001) (Fig. 5a). This finding was
confirmed by the significantly positive correlation between
IGFBP6 expression levels and tumor grade (r=0.3926;
P <0.0001) (Fig. 8B). According to these results, we
investigated the prognostic potential of IGFBP6 expres-
sion in the progression of main brain tumors. Currently,
the expression analysis of Isocitrate Dehydrogenase
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(NADP (+)) 1 (IDH1) and the identification of its main
mutations (e.g. R132H) are used for glioma diagnosis and
prognosis. By carrying out a Pearson correlation analysis
between IGFBP6 and IDH1 brain tumor expression levels,
we highlighted that in glioblastoma patients, the expres-
sion levels of the two genes were significantly closely
inversely correlated (r=-0.3743, P <0.0001) (Fig. 8C).
Furthermore, in order to evaluate the potential diagnostic
ability of IGFBP6 gene expression to discriminate against
the brain tumors stages, we performed a Receiver operat-
ing characteristic (ROC) analysis. We confirmed the diag-
nostic ability of IGFBP6 to discriminate the glioblastoma
patients from healthy subjects (AUC =0.826, P <0.0001)
(Fig. 8D) or from the patients affected to astrocytoma
(AUC=0.753, P<0.0001) (Fig. 8E) or oligodendrocy-
toma (AUC =0.748, P <0.0001) (Fig. 8F).
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Discussion

The extensive production of acidic metabolites and the
enhanced acid export to the extracellular space results in a
significant acidification of TME, thus promoting the forma-
tion of an acid-resistant tumor cell population with increased
invasiveness and metastatic potential [7]. Lactic acidosis was
reported in the TME of several tumors including GBM trig-
gering a series of biochemical mechanisms modifying cell
metabolism and signaling; furthermore, a variety of onco-
genic and environmental factors alter tumor metabolism
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zic:RAS control brains and treated with 20 mM lactate, data repre-
sent the means of counts performed on 5 biological replicates for
each condition; d) gene expression analysis of igfbp6a and igfbp6b
in 5dpf zic:Ras control larvae and treated with 20 mM lactate.
(*¥**%*¥P <0.0001; *P<0.01). Scale bar in B 40 pm

to meet the distinct cellular biosynthetic and bioenergetic
needs present during oncogenesis [34]. Among the most
interesting biological processes reshaping cell metabo-
lism, those that recap developmental processes, such as the
one involving IGFBP6, hold great potential to understand
tumor-related biological processes such as cell proliferation,
migration, senescence and changes in metabolism [18]. For
this purpose, we aimed at evaluating the potential cross-
talk between lactate and IGFBP6 in microglial cells and
the impact of such interaction on TME and GBM progres-
sion. Our hypothesis was supported also by several studies
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«Fig. 8 IGFBP6 was modulated in GBM patients.Analysis of IGFBP6
gene expression in brain biopsies of patients with astrocytoma, oligo-
dendrocytoma, glioblastoma, and healthy subjects. b Pearson correla-
tion analysis between IGFBP6 expression levels and tumor grade of
brain biopsies obtained from patients affected by main brain tumors.
¢ Pearson's correlation between IGFBP6 and IDH1 expression levels
in brain biopsies of patients with glioblastoma. d Receiver operating
characteristic (ROC) analysis between IGFBP6 brain expression lev-
els in healthy subjects vs glioblastoma patients, between glioblastoma
patients vs astrocytoma patients e, and vs oligodendrocytoma f. Data
are expressed as mean +SD of at least four independent experiments.
(*P<0.05; **P <0.005; ***P <0.001; ****P <0.0001). Scale bar in
A 50 pm

showing that in the early phases of the disease, GAMs are
abundant in the tumor mass and infiltrate TME contributing
to tumorigenesis [35].

Firstly, we showed that exposing microglia cells to lac-
tate results in a significant increase in MCT1 gene and
protein expression, responsible for the intracellular influx
of lactate and involved in lactate shuttling to provide
energetic support. Consistent with our data, Moreira et al.
demonstrated that microglia express MCT1 and MCT2
responsible for lactate and ketones uptake [36]. Our data
also showed that lactate also induces a significant up-reg-
ulation of genes involved in oxidative phosphorylation.
Interestingly, MCT1 has a high affinity for lactate and is
preferentially expressed in oxidative cells that take up lac-
tate [37]. In oxidative cells, lactate reacts intracellularly
with NAD™ to yield pyruvate, NADH and H + (the LDHB
reaction), and both pyruvate and NADH can fuel the TCA
cycle and OXPHOS in mitochondria, which depends on
the malate—aspartate shuttle for the mitochondrial import
of NADH [37]. Interestingly, Gasior et al. showed that a
ketogenic diet correlates with a suppression of microglia
activation [38]. Therefore, we verified the ability of lactate
to promote M2 polarization (immunosuppressive pheno-
type) of microglia, showing both by gene expression and
immunocytochemical analysis an increase in the expres-
sion of M2 markers (i.e., ARG1, CD 206, CD 163) and a
decrease in M 1-like phenotype markers (iNOS) in treated
cells as compared to untreated cells, suggesting that lactate
was able to induce modification of microglia metabolic
functions. To this regard, recent data confirmed the link
between metabolism and microglia polarization, similar
to that of traditional macrophages. Our data are consist-
ent with the study by Xianmin Mu et al., demonstrat-
ing that tumor-derived lactate induced M2 macrophage
polarization [39], via ERK/STATS3 signaling thus facili-
tating angiogenesis, cancer cell migration, and invasion
and that lactate correlated with cell re-education in the
TME [40]. Moreover, increased glycolysis is observed in
M1-like microglia, which is dependent on the increase in
hexokinase and lactate dehydrogenase activity, and high

expression of GLUTI [41]. Similarly, Colegio et al. found
that tumor-associated macrophage (TAM) polarization is
dependent on tumor-derived lactic acid, and the mecha-
nism is mediated by hypoxia-inducible factor 1o (HIF1a)
[40]. However, the pathways driven by lactate eliciting
M2-like functional polarization of TAMs are still not
fully elucidated. Indeed, a number of signaling pathways
are involved in M2-like macrophage polarization, includ-
ing ERK1/2, STAT3, HIFla, STAT6 [39]. Furthermore,
several studies also showed that lactic acid was sufficient
to induce macrophage polarization via pH acidification
of TME [39], even though the cellular mechanisms and
molecular pathways involved in such a modulation remain
elusive.

Thus, given the evidence on cellular modulation exerted
by increased extracellular levels of lactate, we sought to link
metabolic reshaping with IGFBP6 and found that lactate
modulates microglia anti-inflammatory polarization and
remodels TME in GBM through IGFBP6.

Interestingly, we found that microglia exposed to lac-
tate showed a significant increase in both gene and pro-
tein expression of IGFBP6. These results were confirmed
by measuring the levels of IGFBP6 in the supernatant of
lactate-treated cells, which showed a significant increase in
the production of IGFBP6 compared to control cells and its
release to the extracellular milieu. These data suggest that
lactate influences IGFBP6 signaling. This is consistent with
the well-known IGF system role and its interaction with cell
metabolism. The regulation of IGF pathway plays a key role
in a number of common disease processes, including cancer
[42]. In our previous work, we investigated the involvement
of IGFBP6, sonic hedgehog (SHH) and Toll-like receptor
4 (TLR4) axis in alterations of TEM [21], and we found
that both IGFBP6 and purmorphamine, an activator of SHH,
were able to induce differentiation of mesenchymal stromal
cells and that TLR4 signaling was activated after exposure
to IGFBP6 and purmorphamine and restored by exposure to
cyclopamine, an inhibitor of the SHH pathway, confirming
that SHH is involved in activation of TLR4 and alterations
of the microenvironment, suggesting that the IGFBP6/SHH/
TLR4 axis is implicated in alterations of the tumor micro-
environment. Herein, we observed that such a phenomenon
was recapitulated in microglial cells exposed to IGFBP6
and that such an effect was coupled with an increased SHH
mRNA level. Moreover, IGFBP6 effects on SHH signalling
pathway were reverted by co-treatment with effector antago-
nist cyclopamine.

Surprisingly, IGFBP6 treatment was also able to upregu-
late oxidative phosphorylation and to induce an immuno-
suppressive phenotype in microglia cells. These data are
consistent with the study of Chesik D. et al., in which they
examined the expression of IGFBPs (from 1 to -6) in pri-
mary rat microglia cultures under basal conditions and after
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stimulation with LPS, a well-established activator of micro-
glia, demonstrating a significant down-regulation of IGFBP-
4, -5 and -6 [43].

In recent years, IGFBP6 has been shown to inhibit IGF-II
and to modulate nuclear transcription of genes involved in
differentiation and survival, leading to increase cell migra-
tion [44]. Indeed, GBM cells exposed to IGFBP6 signifi-
cantly increased LDHA mRNA expression, thus confirming
the existence of IGFBP6 to lactate axis that increases cell
proliferation and colony-forming capacity. This finding was
confirmed in our cohort of GBM biopsies. In particular, we
assessed the relationship between the immunohistochemical
expression of IGFBP6 and MIB-1, a widely used marker of
the tumor proliferative activity, and found a positive cor-
relation between these two markers. In our series, while
GBM cases that showed MIB-1 levels > 50%, exhibited a
strong and diffuse positivity for anti-IGFB6 antibody, those
with low MIB-1 proliferative index (< 50%) were weakly
and patchily stained with IGFB6. Based on these findings, it
can be hypothesized that IGFBP6 may be used in the future
as easily detectable prognostic marker of GBM, predictor of
increased tumor aggressiveness.

Besides the role of microglia-derived IGFBP6 on GBM
cells, we also observed that conditioned medium from
IGFBP6 treated GBM cells was able to modulate microglia
polarization, inducing an M2-like phenotype. Consistent
with these data, Li et al. showed that in GBM, microglial
cells showed to have a pro-tumor phenotype that is associ-
ated with the M2-like phenotype of macrophages due to
its expression of specific factors, such as ILs, transforming
growth factor beta 1 (TGF-f1), monocyte chemoattractant
protein (MCP-1), and prostaglandin E2 (PGE-2) [45]. At
the same time, the glial cells from TME also release fac-
tors that support GBM growth. Furthermore, other studies
of Lisi et al. suggested that in the case of GBM, glioma
cells are able to suppress the microglial M1-like pheno-
type and induce an anti-inflammatory phenotype through
the abovementioned cytokines and chemokines, which in
turn induce microglial cells to release different factors that
will stimulate tumor growth [46]. Moreover, the presence
of microglial M2-like phenotype has been associated with
the aggressiveness and poor prognosis in GBM patients [4].
These results are consistent with hallmarks of microglial
activation seen in cases of disease and histopathological
analysis of GBM tumors. Interestingly, several studies have
shown that IGFBP-3, known to regulate cell proliferation,
was also increased in GBM-microglia crosstalk, though its
role in cancer progression remains to be fully understood
[47].

Our results were further confirmed by the analysis of
human GSE108474 dataset showing that IGFBP6 was signif-
icantly modulated during the progression of the disease. In
particular, significant expression changes were highlighted

@ Springer

with the increase in the degree of malignancy. Furthermore,
our results showed that IGFBP6 discriminated patients with
glioblastoma versus those with astrocytoma and oligoden-
droglioma. These data are consistent with previous studies
showing that IGFBP6 is a prognostic biomarker in human
glioblastoma [48]. Interestingly, there exists an inverse cor-
relation between IGFBP6 and IDH1 expression in glioblas-
toma patients. Currently, no data is available demonstrat-
ing the correlation between IGFBP6 and IDH1 and future
studies are now warranted in order to further evaluate such
correlation.

In conclusion, our results demonstrate that IGFBP6
modulates polarization of microglia and that its expression
is regulated by lactate production in GBM cells suggest-
ing the existence of a lactate to IGFBP6 crosstalk between
microglial cells and GBM and this relationship modulates
TME, which could affect tumor progression and resistance to
therapy and that the complex network of interaction between
microglial cells and GBM may represent a potential thera-
peutic target to overcome tumor malignancy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-022-03215-3.

Authors' contribution LL, NV, DT, SF, MCM, and GLV contributed to
conceptualization; LL, NV, DT, CG, SF, MCM, and GLV contributed
to project administration; LL, NV, DT, GB, FB, MDR, RP, MCM, and
GLV contributed to methodology; LL, NV, DT, CG, GB, MB, RA,
MC, GR, and MDR contributed to investigation; LL, NV, DT, GR, RC,
GMVB, MDR, RP, MCM, and GLV contributed to formal analysis;
DT, RC, RP, MCM, and GLV contributed to resources; LL, NV, DT,
AL, RP, ML, MCM, and GLV contributed to supervision; LL, NV,
DT, AL, MCM, and GLV contributed to writing—original draft; LL,
NV, DT, CG, GMVB, MDR, RP, ML, MCM, and GLV contributed to
writing—reviewing and editing.

Funding Open access funding provided by Universita degli Studi di
Catania within the CRUI-CARE Agreement. LL was supported by the
international Ph.D. program in Neuroscience (Department of Biomedi-
cal and Biotechnological Sciences, University of Catania, Italy). This
study was supported by Piano di Incentivi per la ricerca di Ateneo
2020/2022 Linea di intervento 2 (G.L.V.). NV was supported by the
PON AIM R&I 2014-2020-E66C18001240007, C.G. was supported
by the PON AIM R&I 2014-2020-E68D19001340001.

Declarations

Conflict of interest The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in


https://doi.org/10.1007/s00262-022-03215-3

Cancer Immunology, Immunotherapy (2023) 72:1-20

19

the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Torrisi F, Vicario N, Spitale FM et al (2020) The role of hypoxia
and src tyrosine kinase in glioblastoma invasiveness and radiore-
sistance. Cancers 12(10):2860

Poon CC, Sarkar S, Yong VW, Kelly JJP (2017) Glioblastoma-
associated microglia and macrophages: Targets for therapies to
improve prognosis. Brain 140:1548

Vicario N, Zappala A, Calabrese G et al (2017) Connexins in the
central nervous system: physiological traits and neuroprotective
targets. Front Physiol 8:1060

Gieryng A, Pszczolkowska D, Bocian K et al (2017) Immune
microenvironment of experimental rat C6 gliomas resem-
bles human glioblastomas. Sci Rep. https://doi.org/10.1038/
s41598-017-17752-w

Gieryng A, Pszczolkowska D, Walentynowicz KA et al (2017)
Immune microenvironment of gliomas. Lab Investig 97:498-518
Borisov KE, Sakaeva DD (2015) The immunosuppressive micro-
environment of malignant gliomas. Arkh Patol 77:54

Ippolito L, Morandi A, Giannoni E, Chiarugi P (2019) Lactate: a
Metabolic Driver in the Tumour Landscape. Trends Biochem Sci
44:153-166

Morandi A, Giannoni E, Chiarugi P (2016) Nutrient exploita-
tion within the tumor-stroma metabolic crosstalk. Trends Cancer
2:736-746

Hirschhaeuser F, Sattler UGA, Mueller-Klieser W (2011) Lactate:
a metabolic key player in cancer. Cancer Res 71:6921-6925
Colen CB, Shen Y, Ghoddoussi F et al (2011) Metabolic targeting
of lactate efflux by malignant glioma inhibits invasiveness and
induces necrosis: an in vivo study1. Neoplasia. https://doi.org/10.
1593/neo.11134

Ohashi T, Akazawa T, Aoki M et al (2013) Dichloroacetate
improves immune dysfunction caused by tumor-secreted lactic
acid and increases antitumor immunoreactivity. Int J Cancer.
https://doi.org/10.1002/ijc.28114

de la Cruz-Lépez KG, Castro-Muiioz LJ, Reyes-Hernandez DO
et al (2019) Lactate in the regulation of tumor microenvironment
and therapeutic approaches. Front Oncol 9:1143

Pinheiro C, Garcia EA, Morais-Santos F et al (2014) Lactate
transporters and vascular factors in HPV-induced squamous cell
carcinoma of the uterine cervix. BMC Cancer. https://doi.org/10.
1186/1471-2407-14-751

Curry JM, Tuluc M, Whitaker-Menezes D et al (2013) Cancer
metabolism, stemness and tumor recurrence: MCT1 and MCT4
are functional biomarkers of metabolic symbiosis in head and
neck cancer. Cell Cycle. https://doi.org/10.4161/cc.24092

Baxter RC (2014) IGF binding proteins in cancer: mechanistic and
clinical insights. Nat Rev Cancer 14:329-341

Jeon HIJ, Park J, Shin JH, Chang MS (2017) Insulin-like growth
factor binding protein-6 released from human mesenchymal stem
cells confers neuronal protection through IGF-1R-mediated sign-
aling. Int J Mol Med. https://doi.org/10.3892/ijmm.2017.3173
Liso A, Capitanio N, Gerli R, Conese M (2018) From fever to
immunity: a new role for IGFBP-6? J Cell Mol Med 22:4558-4596
Aboalola D, Han VKM (2019) Insulin-like growth factor binding
protein-6 promotes the differentiation of placental mesenchymal
stem cells into skeletal muscle independent of insulin-like growth

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

factor receptor-1 and insulin receptor. Stem Cells Int. https://doi.
org/10.1155/2019/9245938

Zheng R, Chen W, Xia W et al (2020) The prognostic values of
the insulin-like growth factor binding protein family in ovarian
cancer. Biomed Res Int. https://doi.org/10.1155/2020/7658782
Longhitano L, ForteOrlandoGrasso,BarbatoVicarioParenti,Fonta
naAmoriniLazzarino, Volti RosaLisoTav SLSANRPAMGGiLiM-
DiABDT (2022) The crosstalk between GPR81/IGFBP6 promotes
breast cancer progression by modulating lactate metabolism and
oxidative stress. Antioxidants. https://doi.org/10.3390/antiox1102
0275

Longhitano Lucia, Liso Arcangelo (2021) IGFBP-6/sonic hedge-
hog/TLR4 signalling axis drives bone marrow fibrotic transfor-
mation in primary myelofibrosis. Aging 13(23):25055-25071.
https://doi.org/10.18632/aging.203779

Vicario N, Bernstock JD, Spitale FM et al (2019) Clobetasol
modulates adult neural stem cell growth via canonical hedgehog
pathway activation. Int J Mol Sci. https://doi.org/10.3390/ijms2
0081991

Artiss JD, Karcher RE, Cavanagh KT et al (2000) A liquid-
stable reagent for lactic acid levels: Application to the Hitachi
911 and Beckman CX7. Am J Clin Pathol. https://doi.org/10.
1309/65UJ-FQ75-DVGC-XXIN

Detrich HW, Westerfield M, Zon LI (2008) Fluorescent proteins
in zebrafish cell and developmental biology. Fluorescent Pro-
teins. Elsevier, p 219

Mayrhofer M, Gourain V, Reischl M et al (2017) A novel brain
tumour model in zebrafish reveals the role of YAP activation in
MAPK- and PI3K-induced malignant growth. DMM Dis Model
Mech. https://doi.org/10.1242/dmm.026500

Santoriello C, Gennaro E, Anelli V et al (2010) Kita driven
expression of oncogenic HRAS leads to early onset and highly
penetrant melanoma in zebrafish. PLoS ONE. https://doi.org/
10.1371/journal.pone.0015170

Broggi G, Salvatorelli L, Barbagallo D et al (2021) Diagnostic
utility of the immunohistochemical expression of serine and
arginine rich splicing factor 1 (srsfl) in the differential diagno-
sis of adult gliomas. Cancers (Basel). https://doi.org/10.3390/
cancers13092086

Clough E, Barrett T (2016) The gene expression omnibus data-
base. In: Ewy M, Sean D (Eds) Methods in molecular biology.
Springer, New York

Gusev Y, Bhuvaneshwar K, Song L et al (2018) Data descriptor:
the REMBRANDT study, a large collection of genomic data
from brain cancer patients. Sci Data. https://doi.org/10.1038/
sdata.2018.158

Xiao J, Cao H, Chen J (2017) False discovery rate control
incorporating phylogenetic tree increases detection power in
microbiome-wide multiple testing. Bioinformatics. https://doi.
org/10.1093/bioinformatics/btx311

Box GEP, Tiao GC (2011) Nature of Bayesian inference. In:
Bayesian inference in statistical analysis

Lé Cao KA, Rohart F, McHugh L et al (2014) YuGene: a simple
approach to scale gene expression data derived from different
platforms for integrated analyses. Genomics. https://doi.org/10.
1016/j.ygeno.2014.03.001

Castrogiovanni P, Sanfilippo C, Imbesi R et al (2021) Brain
CHIDI1 expression correlates with NRGN and CALBI1 in
healthy subjects and AD patients. Cells. https://doi.org/10.3390/
cells10040882

LaMonte G, Tang X, Chen JL-Y et al (2013) Acidosis induces
reprogramming of cellular metabolism to mitigate oxidative
stress. Cancer Metab. https://doi.org/10.1186/2049-3002-1-23
Brandenburg S, Miiller A, Turkowski K et al (2016) Resi-
dent microglia rather than peripheral macrophages promote
vascularization in brain tumors and are source of alternative

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-017-17752-w
https://doi.org/10.1038/s41598-017-17752-w
https://doi.org/10.1593/neo.11134
https://doi.org/10.1593/neo.11134
https://doi.org/10.1002/ijc.28114
https://doi.org/10.1186/1471-2407-14-751
https://doi.org/10.1186/1471-2407-14-751
https://doi.org/10.4161/cc.24092
https://doi.org/10.3892/ijmm.2017.3173
https://doi.org/10.1155/2019/9245938
https://doi.org/10.1155/2019/9245938
https://doi.org/10.1155/2020/7658782
https://doi.org/10.3390/antiox11020275
https://doi.org/10.3390/antiox11020275
https://doi.org/10.18632/aging.203779
https://doi.org/10.3390/ijms20081991
https://doi.org/10.3390/ijms20081991
https://doi.org/10.1309/65UJ-FQ75-DVGC-XX1N
https://doi.org/10.1309/65UJ-FQ75-DVGC-XX1N
https://doi.org/10.1242/dmm.026500
https://doi.org/10.1371/journal.pone.0015170
https://doi.org/10.1371/journal.pone.0015170
https://doi.org/10.3390/cancers13092086
https://doi.org/10.3390/cancers13092086
https://doi.org/10.1038/sdata.2018.158
https://doi.org/10.1038/sdata.2018.158
https://doi.org/10.1093/bioinformatics/btx311
https://doi.org/10.1093/bioinformatics/btx311
https://doi.org/10.1016/j.ygeno.2014.03.001
https://doi.org/10.1016/j.ygeno.2014.03.001
https://doi.org/10.3390/cells10040882
https://doi.org/10.3390/cells10040882
https://doi.org/10.1186/2049-3002-1-23

20

Cancer Immunology, Immunotherapy (2023) 72:1-20

36.

37.

38.

39.

40.

41.

42.

43.

pro-angiogenic factors. Acta Neuropathol. https://doi.org/10.
1007/s00401-015-1529-6

Moreira TITP, Pierre K, Maekawa F et al (2009) Enhanced cer-
ebral expression of MCT1 and MCT?2 in a rat ischemia model
occurs in activated microglial cells. J Cereb Blood Flow Metab.
https://doi.org/10.1038/jcbfm.2009.50

Pérez-Escuredo J, Van Hée VF, Sboarina M et al (2016) Mono-
carboxylate transporters in the brain and in cancer. Biochim
Biophys Acta Mol Cell Res. https://doi.org/10.1016/j.bbamcr.
2016.03.013

Longo VD, Mattson MP (2014) Fasting: molecular mechanisms
and clinical applications. Cell Metab 19:181-192

Mu X, Shi W, Xu Y et al (2018) Tumor-derived lactate induces
M2 macrophage polarization via the activation of the ERK/
STATS3 signaling pathway in breast cancer. Cell Cycle. https://
doi.org/10.1080/15384101.2018.1444305

Colegio OR, Chu NQ, Szabo AL et al (2014) Functional polariza-
tion of tumour-associated macrophages by tumour-derived lactic
acid. Nature. https://doi.org/10.1038/nature 13490

Holland R, McIntosh AL, Finucane OM et al (2018) Inflammatory
microglia are glycolytic and iron retentive and typify the microglia
in APP/PS1 mice. Brain Behav Immun. https://doi.org/10.1016/j.
bbi.2017.10.017

Clemmons DR (2007) Modifying IGF1 activity: an approach to
treat endocrine disorders, atherosclerosis and cancer. Nat Rev
Drug Discov 6:821-833

Chesik D, Glazenburg K, Wilczak N et al (2004) Insulin-
like growth factor binding protein-1-6 expression in activated

@ Springer

44,

45.

46.

47.

48.

microglia. NeuroReport. https://doi.org/10.1097/00001756-20040
4290-00020

Yang Z, Bach LA (2014) Differential effects of insulin-like growth
factor binding protein-6 (IGFBP-6) on migration of two ovarian
cancer cell lines. Front Endocrinol (Lausanne). https://doi.org/10.
3389/fendo.2014.00231

Li W, Graeber MB (2012) The molecular profile of microglia
under the influence of glioma. Neuro Oncol 14:958-978

Lisi L, Ciotti GMP, Braun D et al (2017) Expression of iNOS,
CD163 and ARG-1 taken as M1 and M2 markers of microglial
polarization in human glioblastoma and the surrounding normal
parenchyma. Neurosci Lett. https://doi.org/10.1016/j.neulet.2017.
02.076

Watanabe K, Uemura K, Asada M et al (2015) The participation of
insulin-like growth factor-binding protein 3 released by astrocytes
in the pathology of Alzheimer’s disease. Mol Brain. https://doi.
org/10.1186/s13041-015-0174-2

Zong Z, Xin L, Tang X, Guo H (2021) The clinical characteristics
and prognostic value of IGFBP6 in glioma. Neurol Res. https://
doi.org/10.1080/01616412.2021.1963620

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s00401-015-1529-6
https://doi.org/10.1007/s00401-015-1529-6
https://doi.org/10.1038/jcbfm.2009.50
https://doi.org/10.1016/j.bbamcr.2016.03.013
https://doi.org/10.1016/j.bbamcr.2016.03.013
https://doi.org/10.1080/15384101.2018.1444305
https://doi.org/10.1080/15384101.2018.1444305
https://doi.org/10.1038/nature13490
https://doi.org/10.1016/j.bbi.2017.10.017
https://doi.org/10.1016/j.bbi.2017.10.017
https://doi.org/10.1097/00001756-200404290-00020
https://doi.org/10.1097/00001756-200404290-00020
https://doi.org/10.3389/fendo.2014.00231
https://doi.org/10.3389/fendo.2014.00231
https://doi.org/10.1016/j.neulet.2017.02.076
https://doi.org/10.1016/j.neulet.2017.02.076
https://doi.org/10.1186/s13041-015-0174-2
https://doi.org/10.1186/s13041-015-0174-2
https://doi.org/10.1080/01616412.2021.1963620
https://doi.org/10.1080/01616412.2021.1963620

	Lactate modulates microglia polarization via IGFBP6 expression and remodels tumor microenvironment in glioblastoma
	Abstract
	Introduction
	2. Material and methods
	Cell culture, pharmacological treatments and MTT turnover
	Real-Time PCR for gene expression analysis
	Western blot analysis
	Immunocytochemical analysis
	Lactate concentration measurement
	IGFBP6 ELISA test
	Cell migration
	Clonogenic assay
	Zebrafish model
	Gene expression analysis
	Immunofluorescence for microglia markers in zebrafish
	Glioblastoma biopsies
	Immunohistochemical analysis

	Transcriptome analysis
	Dataset selection
	Data processing, experimental design and statistics
	Statistical analysis

	Results
	Lactate induces the expression of MCT1 promoting an oxidative metabolism in microglia cells
	Lactate promotes microglia M2 polarization through the expression of IGFBP6
	IGFBP6 enhances migration and colony formation capacity in glioblastoma cells
	IGFBP6 increases sonic hedgehog signalling pathway activation in GBM and microglia
	GBM derived IGFBP6 promotes microglia M2 polarization
	Lactate induces changes in igfbp6b expression in a zebrafish brain tumor model
	IGFBP6 was modulated in GBM patients
	IGFBP6 gene expression analysis in human glioma

	Discussion
	References




