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A B S T R A C T   

Glioblastoma is one of the most aggressive tumours with a poor response to treatment and a poor prognosis for 
patients. One of the proteins expressed in glioblastoma tissue is CHI3L1 (YKL-40), which is upregulated and 
known for its angiogenesis-supporting and pro-tumour immunomodulatory effects in a variety of cancers. In this 
paper we present the anti-angiogenic, anti-migratory and immunomodulatory effects of the compound 
G721–0282, an inhibitor of CHI3L1. The inhibitor-induced changes were investigated using conventional 
techniques as well as the novel label-free digital holographic tomography (DHT), a quantitative phase imaging 
technique that allows the reconstruction of the refractive index (RI), which is used as an image contrast for 3D 
visualisation of living cells. DHT allowed digital staining of individual cells and intercellular structures based 
only on their specific RI. Quantitative spatially resolved analysis of the RI data shows that the concentration of 
G721–0282 leads to significant changes in the density of cells and their intracellular structures (in particular the 
cytoplasm and nucleus), in the volume of lipid droplets and in protein concentrations. Studies in the U-87 MG 
glioblastoma cell line, THP-1 monocytes differentiated into macrophages, human microvascular endothelial cells 
(HMEC-1) and in the spheroid model of glioblastoma composed of U-87 MG, HMEC-1 and macrophages suggest 
that inhibition of CHI3L1 may have potential in the antitumour treatment of glioblastoma. In this paper, we also 
propose a spheroid model for in vitro studies that mimics this type of tumour.   

Abbreviations: CHI3L1, chitinase-3-like 1 protein; GBM, glioblastoma multiforme; VEGF, vascular endothelial growth factor; BBB, blood-brain barrier; MAPK, 
mitogen activated protein kinase; FAK, focal adhesion kinase; PI3K, phosphoinositide 3-kinase; AKT, serine/threonine-specific protein kinases;protein kinase B. 
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1. Introduction 

Glioblastoma multiforme (GBM) is one of the most aggressive tu
mours, with only 8% of patients surviving 5 years after diagnosis [1]. 
The efficacy of therapeutic treatments, including surgical resection, 
radiotherapy and temozolomide administration, in some cases 
augmented by the use of bevacizumab, is limited by surgical resection 
options, high tumour heterogeneity, reduced drug delivery efficiency 
due to the blood-brain barrier (BBB), the so-called cold immunosup
pressive microenvironment and tumour relapse caused by CD133 +
cancer stem cells [1]. New therapeutic strategies, including poly 
(ADP-ribose) polymerase (PARP) inhibitors (veliparib), protein kinase 
inhibitors of PDGF, EGFR (erlotinib, gefitinib), VEGFR (cediranib) or 
FGFR, have insufficient therapeutic effect in the treatment of GBM and 
have mostly failed in clinical trials, as have sorafenib, imatinib, dasati
nib, cabozantinib, the multi-target protein kinase inhibitors [1]. 
Therefore, targeted therapy in GBM remains a challenge. One of the 
proteins expressed in many types of cancer, including gliomas, and 
involved in angiogenesis, cell invasion, migration and immune response 
is the CHI3L1 protein [2–7]. The role of CHI3L1 in the angiogenesis that 
accompanies the neoplastic process has been demonstrated in in vitro 
studies and in vivo studies in a mouse model of human breast and colon 
cancer [3], [7]. CHI3L1 promotes angiogenesis by activating the MAP
K/ERK and PI3K/AKT pathways in endothelial and glioma cells. This 
protein promotes the binding of syndecan-1 to integrin αvβ3 (in vascular 
endothelial cells) or integrin αvβ5 (in glioblastoma cells), which leads to 
the activation of FAK (Y861) and FAK (Y397) kinases (adhesion focal 
kinases) and consequently the MAPK/ERK and PI3K/AKT pathways [3], 
[7–9]. Studies in patient material have demonstrated the role of CHI3L1 
in angiogenesis in breast cancer and glioma [7,10,11]. Importantly, few 
examples of inhibition of CHI3L1 expression in in vitro and in vivo 
breast cancer and glioma studies have successfully demonstrated its 
efficacy in inhibiting the angiogenesis process [3,7]. In this study, we 
focus on a CHI3L1 inhibitor, compound G721–0282, whose activity as a 
CHI3L1 inhibitor was first described by Park et al. [12]. 

The commercially available CHI3L1 inhibitor, compound G721–028, 
was selected using the SBVS (Structure-Based Virtual Screening) 
method, which consists in searching in silico for ligands or inhibitors for 
proteins and is applicable to the design of new drugs [13]. Thanks to the 
use of specific filters, this method makes it possible to search for mole
cules with suitable chemical and physical properties for drugs, charac
terising compounds that meet the criteria of oral bioavailability 
according to Lipinski’s five rules [14]. Most, but not all, compounds with 
pharmacological or biological activity meet these criteria [13], [14]. 
Among the CHI3L1 inhibitors, which include K384–6111 [15], 
G721–0282 fulfils Lipinski’s rule of five. In this study, we present a 
broad spectrum of influence of G721–0282 on glioblastoma U-87 MG 
cells and also on a spheroid model of brain tumours in in vitro culture. 
To the best of our knowledge, this is the first report on the effect of 
CHI3L1 inhibition by G721–0282 on glioblastoma cells and the first 
report on this type of spheroid containing glioblastoma, endothelial and 
also macrophage cells. 

In addition, we have for the first time used the novel, non-contact, 
non-destructive and label-free digital holographic tomography (DHT) 
for the qualitative analysis of morphological changes within single cells 
exposed to the G721–0282 inhibitor under investigation. DHT has the 
potential to become an important diagnostic tool for the study of 
different biological samples: extracellular vesicles [16], eukaryotes 
[17–22] and prokaryotes [23–25], single cells or tissues [26]. By 
providing information on the 3D refractive index (RI) distribution of 
biological samples in relation to the concentration of intracellular 
chemical constituents in individual cells [20,27–30], it allows the 
qualitative examination of inhibitor-induced changes in morphology 
within individual cells as well as the quantitative analysis of induced 
changes in density, and intracellular structures (cytoplasm, nucle
us/nucleoli and lipid droplets) caused by inhibitor-induced changes in 

intracellular protein within glioblastoma cells. 

2. Materials and methods 

2.1. G721-0282 inhibitor 

he compound G721–028, with the IUPAC name 2-({6-butyl-1,3- 
dimethyl-2,4-dioxo-1 H,2 H,3 H,4 H-pyrido[2,3-d]pyrimidin-5-yl}sul
fanyl)-N-(prop-2-en-1-yl)acetamide, was purchased from MolPort 
(compound number: MolPort-003–169–389 Mw=376. 48 g/mol, purity 
>90%) and was synthesised by ChemDiv, Inc (San Diego, CA, USA). The 
compound was resuspended in DMSO (dimethylsulphoxide) (Sigma- 
Aldrich, St. Louis, MO, USA) to a concentration of 100 mM [12] and this 
stock was further diluted in culture medium to the appropriate con
centrations: 100, 50, 25, 12.5 and 6.25 µM. 

2.2. Theoretical calculations on BBB permeation of G721-0282 
compound 

Theoretical calculations of the blood-brain barrier (BBB) permeation 
of compound G721–0282 were performed using in silico modelling. The 
distribution between blood and brain is a very important property for 
new drug candidates. Drugs that target the central nervous system must 
cross the blood-brain barrier to exert a therapeutic effect. Measuring 
blood-brain barrier penetration is typically difficult and costly. In the 
early stages of drug development, in silico prediction of BBB perme
ability is a good alternative. The most commonly used parameter to 
determine the ability to cross the blood-brain barrier is logBB=log 
(Cbrain/Cblood), where Cbrain and Cblood are the concentrations of the 
drug in the brain and blood, respectively. Based on different combina
tions of physicochemical parameters using QSAR analysis, many models 
have been proposed for the determination of logBB. Four of them were 
used to calculate the logBB of the compound studied. In the first model, 
the correlation between logBB and the logarithm of the octanol/water 
partition coefficient (log P) and molecular weight was used (Eq. 1, 
[31–33]). LogP was calculated using KOWWIN v1.68 (US EPA. [2012]. 
(Estimation Programs Interface Suite™, United States Environmental 
Protection Agency, Washington, DC, USA). Models 2–4 represent the 
linear free energy relationship (LFER) proposed by Abraham [34] - Eq. 2 
[34], Eq. 3 [35], Eq. 4 [32]. Molecular descriptors: hydrogen bond 
acidity (A) and basicity (B), polarisability (S), molar refraction (E), 
McGowan volume (V) of a solute, were evaluated by PaDEL descriptor 
software [36].  

logBB=− 0⋅088+0⋅272logP-0⋅001116Mw                                            (1)  

logBB=0⋅044+0⋅511E-0⋅886S-0⋅724A-0⋅666B+0⋅861 V                       (2)  

logBB=0⋅934–0⋅743A-0⋅768B-0⋅605+0⋅191E+0⋅545 V                        (3)  

logBB=− 0⋅118 to 0⋅11A-1⋅174B-0⋅176S-0⋅242E+1⋅195 V                    (4)  

2.3. Cell culture 

U-87 MG glioblastoma cells (ATCC, American Type Culture Collec
tion ATCC®, Old Town Manassas, VA, USA) and normal human fibro
blast cells (NHDF) (Lonza, Basel, Switzerland) were cultured in DMEM 
containing 4.5 g/L glucose, 2 mM L-glutamine with streptomycin and 
penicillin. Human microvascular endothelial cells HMEC-1 (ATCC) were 
cultured in MCDB131 medium supplemented with 10 mM L-glutamine, 
10 ng/ml FGF (all from ThermoFisher Scientific, Wilmington, DE, USA), 
1 µg/ml hydrocortisone (Sigma-Aldrich). THP-1 monocytes from pa
tients with acute leukaemia (ATCC) were cultured in RPMI-1640 (Gibco, 
Thermo Fisher Scientific) supplemented with 50 µM beta- 
mercaptoethanol (Sigma-Aldrich). Media were supplemented with FBS 
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up to 10% (Sigma-Aldrich) and penicillin-streptomycin solution up to 
1% of final volume (Sigma-Aldrich). Media were changed twice a week 
and cells were passaged with TrypLe (Gibco) when confluence did not 
exceed 70%. Cells were cultured in a humid atmosphere (95%) with 5% 
CO2 (HeraCell 150i, Thermo Fisher Scientific). 

2.4. Monocyte differentiation 

THP-1 monocytes were grown as suspension cultures in complete 
RPMI-1640 medium (Gibco) with the addition of 100 nM PMA (Sigma- 
Aldrich) [37,38]. After 24 h, monocytes were observed to differentiate 
into CD68 + macrophages adhering to the bottom of the flask. 

2.5. SRB assay 

The cytotoxicity of G721–0282 was evaluated in three cell lines using 
the sulforodhamine B (SRB) assay, which consists of total protein pre
cipitation with TCA (trichloroacetic acid) and spectrophotometric 
analysis [39], [40]. G721–0282 was diluted in DMSO (Sigma-Aldrich) to 
a concentration of 100 mM and this stock was further diluted in medium 
[10]. Cells were seeded onto 96-well plates (TPP, Trasadingen, 
Switzerland) in 100 µl of medium at the number per well determined 
during calibration: 2.0 × 103 for U-87 MG (2.2 ×103 cells per 1 cm2), 
3.0 × 103 for HMEC-1 and 6.0 × 103 for NHDF. After 24 h, the medium 
was changed and 100 µl of concentrations of G721–0282 ranging from 
100 to 2.5 µM were added to determine the concentration range for 
further studies and IC50 (Fig. S1). On this basis, the cytotoxicity of 
selected concentrations of G721–0282 was determined as a series of 
dilutions: 100 µM, 50 µM, 25 µM, 12.5 µM and 6.25 µM. A control with 
medium and a control with DMSO concentrations of 100 µM (0.1%) 
were included in the experiments. After 24, 48 and 72 h, 50 µl of 50% 
TCA (4 ◦C) (Sigma-Aldrich) was added per well and incubated for 1 h at 
4 ◦C. The plates were then gently washed five times with tap water and 
dried. Next, 50 µl of 0.4% SRB solution in 1% acetic acid was added per 
well and incubated for 30 min at RT (room temperature). The plates 
were then gently washed five times with 1% acetic acid, dried and 150 µl 
of 10 mM TRIS (tris(hydroxymethyl)aminomethane) was added to each 
well. After 10 min incubation (RT), absorbance was measured at a 
wavelength of 540 nm using an ELx800 spectrophotometer and Gen5 
software (BioTek, Winooski, VT, USA). Cell viability at the concentra
tions studied, expressed as a percentage of the control, was calculated 
according to formula (5):  

[(Ai-Am)/(Ac-Am)]×100                                                                    (5) 

where Ai-Absorbance of investigated concentration, Am-Absorbance 
o medium, Ac-Absorbance of control. 

2.6. Cell cycle analysis (flow cytometry) 

The distribution of cell cycle phases after treatment with G721–0282 
was assessed by flow cytometry [41], [42]. U-87 MG cells were seeded 
onto 6-well plates (TPP) at 2.0 × 104 cells per well (2.2 ×103 cells per 1 
cm2). After 24 h, the medium was discarded and G721–0282 compound 
was added at concentrations of 100, 50, 25, 12.5 and 6.21 µM and 
incubated for 72 h. A control with medium and a control with DMSO 
concentrations of 100 µM were included in the experiment. 

The cells were then trypsinised, washed twice in cold (4 ◦C) 
phosphate-buffered saline (PBS) and fixed in ice-cold 70% ethanol at 
4 ◦C overnight. The cells were then centrifuged (1050 rpm, 5 min, 4 ◦C) 
and rinsed twice in PBS. Samples were stained with a FxCycle™ PI/ 
RNase Staining Solution Kit (Life Technologies, Carlsbad, CA, USA) and 
incubated for 30 min at 37 ◦C in the dark. Propidium iodide fluorescence 
was measured using a BD FACSCanto II flow cytometer on channel 630/ 
22 (Beckton Dickinson, Franklin Lakes, NJ, USA). Data from a minimum 
of 20,000 events per sample were collected and calculated using ModFit 

LTTM software, version 4.0.5 (Verity Software House, Inc., Topsham, 
ME, USA). The experiment was performed in three independent labo
ratory replicates. 

2.7. Apoptosis (flow cytometry) 

The flow cytometry method was used to test the intensity of 
apoptotic induction under the effect of compound G721–0282 [41], 
[42]. U-87 MG cells were seeded on 6-well plates (TPP) at 2.0 × 104 cells 
per well. After 24 h, the medium was discarded and G721–0282 com
pound was added at concentrations of 100, 50, 25, 12.5 and 6.21 µM and 
incubated for 72 h. A control with medium and a control with DMSO 
concentrations of 100 µM were included in the experiment. 

The cells were then trypsinised, washed twice in PBS and centrifuged 
(1050 rpm, 5 min). Cells were diluted to 1 × 106 cells/ml and stained 
with the FITC Annexin V Apoptosis Detection Kit II (Beckton Dickinson, 
Franklin Lakes, NJ, US) according to the manufacturer’s instructions. 
Data from a minimum of 10,000 events were collected for each sample. 
The results obtained were further analysed using FlowJo 10.5 software 
(FlowJo, Asham, OR, USA). The experiment was replicated in three in
dependent laboratories. 

2.8. Angiogenesis assay 

HMEC-1 cells were used to determine the effect of compound 
G721–0282 at concentrations of 100, 50, 25, 12.5 and 6.25 µM on tube 
formation in the presence of CHI3L1 protein (2599-CH, R&D Systems, 
Minneapolis, MN, USA) at two concentrations: 0.6 µg/ml and 2.4 µg/ml. 
In addition, G721–0282 alone was used to determine the influence of 
this compound independently of CHI3L1 protein, and a control was 
included with medium and medium containing DMSO at a concentration 
equivalent to 100 µM of the inhibitor under investigation. The same 
scheme was used for U-87 MG cells to determine the tube-like structure 
in vascular mimicry formation. 

Cells were harvested thoroughly with TrypLE (Gibco, Thermo
Fisher), washed in PBS and suspended in DMEM medium (Lonza) 
without FBS and with appropriate concentration of G721–0282. Re
combinant human CHI3L1 protein (R&D) was then added to give a 
protein concentration of 0.6 µg/ml and 2.4 µg/ml, respectively. For all 
angiogenesis experiments, 2.0 × 104 cells per well were suspended in 
100 µl in a 96-well plate (TPP) and loaded onto the top of Geltrex 
(ThermoFisher) [43], [44]. After 24 h, tube structures were analysed 
using an inverted phase contrast microscope CKX53 (Olympus, Tokyo, 
Japan) and counted in five random fields from each well. The amounts 
of tube structures were expressed as a percentage of the control. Ex
periments were performed in triplicate. 

2.9. Scratch assay 

U-87 MG cells were seeded onto coverslips in 6-well plates (TPP) at 
5.3 × 104 cells per well (2.3 ×103/cm2). After 24 h, the cells were 
scratched with 1000 µl tips [45,46], the medium was discarded and 
replaced with G721–0282 at concentrations of 100, 50, 25, 12.5 and 
6.25 µM. A control with medium and a control with DMSO at a con
centration equal to 100 µM of the inhibitor of interest were included in 
the experiment. The cells were cultured for 72 h, then the medium was 
changed and the addition of G721–028 and controls was repeated for the 
next 72 h. The cells were then washed twice in cold PBS (Lonza), fixed in 
ice-cold methanol for 10 min (Chempur®, Piekary Slaskie, Poland) and 
treated with 0.5% crystal violet in 25% methanol solution for 10 min 
(Sigma-Aldrich®) [47]. Microscopic evaluation was performed using a 
BX41 light microscope (Olympus). 

2.10. Behaviour of U-87 MG cells in culture with G721-0282 

U-87 MG cells were seeded on T-25 flasks (Thermo Fisher) at 5.7 ×
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104 cells (2.3 ×103/cm2). After 24 h, the medium was discarded and 
fresh medium containing G721–0282 at concentrations of 100, 50, 25, 
12.5 and 6.25 µM was added. A control culture with medium and control 
containing DMSO at a concentration equivalent to 100 µM of the in
hibitor of interest was included in the experiment. Cells were cultured 
for 72 h, then the medium was changed and the addition of G721–028 
and controls was repeated for the next 72 h. 

2.11. Cytoskeletal architecture 

U-87 MG cells were seeded on glass slides at 3 × 103/cm2 in medium 
containing G721–0282 at concentrations of 100, 50, 25, 25, 12.5 and 
6.26 µM, and medium control and solvent control (0.1% DMSO) were 
also included in the experiment. After 72 h, the media were changed and 
replaced with fresh media in the same scheme and incubated for the next 
72 h. The influence of G721–0282 on cytoskeletal rearrangements in U- 
87 MG cells via β-actin, β-tubulin and F-actin was then visualised by 
immunofluorescence reaction [42], [48]. 

2.12. Multiplex analysis 

The human cytokine and chemokine growth factor assay of the 
Milliplex map kit (HCYTA-60 K, Millipore, Merck, Darmstadt, Germany) 
[49], [50] was performed in the cell lysate and corresponding super
natants from two-week spheroids treated with G721–0282 compound 
concentrations (100, 50, 25, 25, 12.5 and 6.26 µM). Spheroid lysates 
were prepared in neutral buffer containing cold PBS. A Pro250 
homogeniser (PRO Scientific Inc., Oxford, CT, USA) was used. After 
homogenisation, they were centrifuged at 15,000 x g for 10 min. The 
supernatant was collected and used for the assay. The assay was per
formed according to the manufacturer’s instructions. First, the test plate 
was washed with wash buffer, shaken for 10 min and decanted. The 
standard (prepared immediately before use), control, test lysates and 
supernatants were then added to the wells. Assay buffer and 
antibody-immobilised beads were then added in equal volumes. The test 
plate was incubated for 2 h at room temperature with shaking. The 
removed well contents were then washed three times with wash buffer 
and detection antibodies were added for 1 h at room temperature. 
Streptavidin-phycoerythrin was then added for 30 min at RT. The con
tents of the wells were then removed and washed three times with wash 
buffer. Finally, sheath fluid was added and read using Luminex (River
side, CA, USA). 

2.13. Spheroids formation 

U-87 MG and HMEC-1 cells and macrophages were counted, mixed 
1:1:1, centrifuged (300 g for 10 min) and seeded onto low-adhesion cell 
culture flasks (Equimed, Wroclaw, Poland) or 24-well plates (Equimed). 
Spheroids were formed after 24 h. Spheroids were cultured in complete 
DMEM medium for two periods: one month and two weeks. The culture 
medium was changed three times per week. Types containing NHDF 
cells were also prepared to optimise spheroid formation. 

2.14. Development of 3D spheroids with G721-0282 

U-87 MG and HMEC-1 cells were seeded together with macrophages 
on a low adhesion 96-well plate (3D PrimeSurface® 96 V, MS-9096VZ, 
Akita Sunitomo Bakelite, Akita, Japan) [51], [52] at 2 × 103 of each cell 
in 100 µl of G721–0282 compound concentrations: 100, 50, 25, 12.5 
6.21 µM and control without compound. After 72 h, the media and 
media with G721–0282 concentrations were replaced with fresh media 
in the same scheme. The culture was maintained in complete DMEM 
medium for fourteen days with media changes twice a week. At the end 
of the experiments, the spheroids were embedded in paraffin and the 
control was fixed for TEM analysis. 

2.15. Spheroids treatment with G721-0282 

Spheroids were treated with G721–0282 compound concentrations 
(100, 50, 25, 25, 12.5 and 6.26 µM) in 24-well plates for 72 h. After 72 h, 
the media and concentrations of the tested compound were replaced 
with fresh media for a further 72 h. After this time, a portion of the 1 
month cultured spheroids were fixed for transmission electron micro
scopy (TEM), immunohistochemistry (IHC) and immunofluorescence 
(IF) reactions, and also stored at − 80 ◦C for Western blot and ddPCR 
analysis. Spheroids cultured for two weeks were fixed or harvested for 
IHC, IF and multiplex chemokine/cytokine assays. The supernatant was 
also collected. 

2.16. Paraffin-embedded 3D spheroids 

At the end of the experiments, spheroids were counterstained in 
haematoxylin (4 min) and fixed in cold 4% PFA (paraformaldehyde) 
(4 ◦C, overnight). The next day, spheroids were embedded in 2% agarose 
and then in paraffin blocks (according to [53] with own modifications). 
Slides for immunohistochemical and immunofluorescence analysis were 
prepared in a typical manner for tissue slides. 

2.17. Immunohistochemistry 

Immunohistochemistry was performed on 4 µm sections of spheroids 
and tissue samples. Deparaffinisation and antigen retrieval were per
formed in PT-Link (Dako, Glostrup, Denmark) using EnVision FLEX 
Target Retrieval Solution (97 ◦C, 20 min; pH 6.0 for CD31 and GFAP and 
pH 9.0 for CHI3L1, CD68, IBA1) [10,11,54,55]. Blocking was performed 
in 1% BSA (bovine serum albumine) (RT, 30 min), followed by endog
enous peroxidase blocking with EnVision FLEX Peroxidase Blocking 
Reagent (Dako) (RT, 5 min). Slides were collected and incubated over
night at 4 ◦C with anti-CD31 antibody specific for endothelial cells 
(1:500, mouse monoclonal, ab9498, Abcam, Cambridge, UK), anti-GFAP 
(glial fibrillary acid protein) antibody specific for neuronal cells (1:500, 
mouse monoclonal, ab27929, Abcam), pan-macrophage anti-CD68 
antibody (1: 100, mouse monoclonal, MSK055–05, Zytomed, Berlin, 
Germany), specific for microglia and macrophages, anti-IBA1 antibody 
(1:500, rabbit polyclonal, 019–19741, FUJIFILM Wako, Osaka, Japan), 
macrophage M2 phenotype anti-CD163 antibody (1: 500, rabbit poly
clonal, sc-33560, Santa Cruz, Dallas, TX, USA), cancer stem cell 
anti-CD133 antibody (1:250, mouse monoclonal, MAB11331, R&D) and 
anti-CHI3L1 (1:50, goat polyclonal, AF2599, R&D). Incubation with 
secondary antibodies was performed using EnVision FLEX/HRP (RTU, 
Dako, 1 h, RT) for mouse and rabbit antibodies and in donkey anti-goat 
secondary antibodies conjugated to HRP (1:400, Jackson ImmunoR
esearch, Suffolk, UK). All antibody dilutions were prepared in 1% BSA in 
PBS/0.1% Tween20. Slides were then incubated with EnVision Flex 
substrate buffer (Dako) containing DAB (10 min, RT) and counterstained 
with EnVision Flex Hematoxilin Solution (Dako) (5 min, RT). Slides 
were coverslipped with Dako Mounting Medium (Dako). 

2.18. Immunofluorescence 

Immunofluorescence was performed on 4 µM spheroid slides and 
deparaffinisation and antigen retrieval were performed as described for 
immunohistochemistry. For immunofluorescence reactions performed 
on U-87 MG cells and macrophages cultured on coverslips, these steps 
were omitted in favour of 4% PFA fixation (10 min, RT) and 0.2%. 
TritonX-100 permeabilization (12 min, RT) [42], [48]. All slides were 
blocked in 1% BSA in PBS/0.1% Tween20 (0.5 h, RT) and primary an
tibodies were used: CD31 (1:500, mouse monoclonal ab9498, Abcam), 
anti-GFAP (1:500, mouse monoclonal ab27929, Abcam), anti-CHI3L1 
(1:50, goat polyclonal AF2599, R&D), anti-CD163 (1: 500, rabbit 
polyclonal, sc-33560, Santa Cruz), β-actin antibody (1:500, mouse 
monoclonal (Ba3R) MA5–1739, Invitrogen, Thermo Fischer) and 
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β-tubulin antibody (1:500, rabbit monoclonal, ab6046, Abcam). All 
primary antibodies were diluted in 1% BSA in PBS/0.1% Tween20 and 
slides were incubated overnight at 4 ◦C. Fluorochrome-conjugated sec
ondary antibodies (dilution 1:2000, incubation 1 h RT) were then 
applied: goat anti-mouse Alexa 488 (ab150113, Abcam), goat 
anti-rabbit Alexa594 (ab150080, Abcam), goat anti-rabbit Alexa568 
(ab175470, Abcam) and donkey anti-goat Alexa647 (ab150131, 
Abcam). All antibodies were diluted in 1% BSA in PBS/0.1% Tween20. 
Phalloidin STAR RED (1:200, Abberior GmbH, Göttingen, Germany), 
used to detect F-actin filaments, was applied after blocking for 1 h RT. 
Fluoroshield mounting medium with DAPI (ab104139, Abcam) was 
used to cover the slides. Immunofluorescence visualisation was per
formed using a confocal microscope (Fluoview FV3000, Olympus) and 
Cell Sense imaging software (Olympus). 

2.19. Transmission electron microscopy (TEM) 

Spheroids were chemically fixed at RT in a 3.6% (v/v) glutaralde
hyde solution (SERVA Electrophoresis, Heidelberg, Germany) prepared 
in 0.2 M cacodylate buffer (pH 7.2–7.4) with saccharose (Chempur) 
[42], [47]. After 25 min, the fixative was rinsed three times with 
cacodylate buffer (0.1 M). The spheroids were then enclosed in the fibrin 
clot after droplets of bovine thrombin (Biomed, Lublin, Poland) and 
fibrinogen (3 mg/ml; Merck KGaA, Darmstadt, Germany), both dis
solved in PBS, were added to the falcon tubes. The cells were then 
exposed to fixation in 1% (w/v) osmium tetroxide OsO4 (SERVA Elec
trophoresis) prepared in 0.1 M cacodylate buffer (1 h, RT). The OsO4 
was then rinsed with cacodylate buffer and the samples were progres
sively dehydrated in increasing concentrations of ethanol (30–90%) and 
a mixture of 90% ethanol/90% acetone and finally passed through a 
graded acetone series (90%, 95% and 100%; Stanlab, Lublin, Poland). 
Prior to the embedding process, the samples were immersed overnight in 
the mixture of acetone and epoxy resin (Epon 812, SERVA Electropho
resis) at a ratio of 3:1 (20 min), 1:1 (60 min) and 1:3 (60 min). The 
infiltration process was carried out in an oven at 60 ◦C in flat embedding 
moulds (Pelco, Ted Pella, Redding, CA, USA) filled with an epoxy resin 
containing 2,4,6-tris(dimethylaminomethyl)phenol to accelerate the 
curing of the resin. After several days, the epoxy resin was removed until 
only the spheroids were exposed and then cut into semi-thin sections 
(600 nm thickness) using a histo-diamond knife (Diatome, Nidau, 
Switzerland) and stained with toluidine blue (Serva Electrophoresis) 
and anhydrous sodium carbonate (Alchem, Toruń, Poland). The epoxy 
blocks were then mounted on the Power Tome XL ultramicrotome (RMC, 
Tucson, AZ, USA) and serial ultrathin sections of 70 nm thickness were 
cut using an ultra 45◦ diamond knife (Diatome). The ultrathin sections 
were carefully mounted on 200 mesh rhodium-copper grids (Maxta 
form, Ted Pella, Redding, CA, USA) to avoid overlap. The grids were 
placed in a Petri dish for 24 h and then counterstained with the Ura
nyLess solution and Reynold’s lead citrate 3%, (Electron Microscopy 
Sciences, Hatfield, PA, USA) on top of the drops for 2 min. The grids 
were then rinsed by vertical movements in beakers in 5 changes of 
demineralised water and allowed to dry for 30 min before observation 
under a JEM-1011 transmission electron microscope (JEOL, Tokyo, 
Japan) at 80 kV accelerating voltage. The spheroids were documented at 
magnifications ranging from 3 to 200 K using a TEM imaging platform 
iTEM1233 (Olympus, Münster, Germany) connected to a Morada 
camera. 

2.20. Human tissue samples 

Glioblastoma, astrocytoma and hemangioblastoma specimens were 
obtained from patients diagnosed and operated at the Department and 
Clinic of Neurosurgery, Poznan Medical University, Poland, and stored 
at − 80 ◦C. Approval to conduct this research was obtained from the 
Bioethics Committee of the Medical University of Wroclaw (No. KB- 
2017/2022). 

2.21. The Droplet Digital PCR™ (ddPCR) 

Droplet digital PCR was used to determine the absolute number of 
gene mRNA copies in the analysed materials. Total RNA was isolated 
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse tran
scription (RT-PCR) was performed using iScript™ Reverse Transcription 
Supermix for RT-qPCR (Bio-rad, Hercules, CA, USA) according to the 
manufacturer’s protocol. An input of 35 ng RNA from each sample was 
reverse transcribed using a C1000 Touch thermal cycler (Bio-Rad). Re
action conditions were as follows: priming for 5 min at 25 ◦C, reverse 
transcription for 20 min at 46 ◦C and final inactivation of reverse tran
scriptase for 1 min at 95 ◦C. The ddPCR reaction mixtures contained 2.5 
µl RT product, 1 µl TaqMan-specific probe (Applied Biosystems, Foster 
City, CA, USA), 7.67 µl molecular biology grade water and 10 µl 2X 
ddPCR™ MasterMix for Probes (Bio-Rad). The TaqMan specific probes 
used in the experiment to assess the mRNA expression of the genes under 
investigation were Hs01072228_m1 (CHI3L1), Hs00900055_m1 
(VEGFA), Hs01099203_m1 (VEGFC), Hs01128659_m1 (FIGF/VEGFD). 
The 20 µl reaction mixtures were loaded into a plastic cartridge (Bio- 
Rad) with 50 µl Droplet Generation Oil for Probes (Bio-Rad) in the 
QX100 Droplet Generator (Bio-Rad). Droplets from each sample were 
then transferred to a 96-well PCR plate (Eppendorf, Hamburg, Ger
many). PCR amplification was performed in a C1000 Touch Thermal 
Cycler (Bio-Rad) under the following conditions: enzyme activation for 
10 min at 95 ◦C, followed by 40 cycles of denaturation (30 s, 94 ◦C) and 
annealing/extension (1 min, 60 ◦C) and a final enzyme deactivation for 
10 min at 98 ◦C and 10 min at room temperature (RT). Finally, the plate 
was loaded onto a Droplet Reader (Bio-Rad) and read automatically. The 
absolute quantification of each mRNA was calculated from the number 
of positive counts per panel by using the Poisson distribution. The 
quantification of the target mRNA is expressed as the number of copies/ 
µl (AQ) in the PCR reaction mixture [53], [56]. 

2.22. Western blot 

Cell samples were lysed with RIPA buffer containing EDTA, protease 
inhibitor cocktail (Heat™ Protease Inhibitor Coctail ×100) and 0.5 mM 
PMSF (phenylmethanesulfonyl fluoride) (all from Thermo Scientific) 
[10,53]. An additional syringe was used for spheroid lysis to improve 
disruption. Tissue samples were homogenised using a TissueRuptor 
homogeniser (Qiagen, Hilden, Germany) in T-PER tissue protein 
extraction reagent containing EDTA, protease inhibitors and PMSF. 
Total protein levels were determined using bicinchoninic acid (Pierce 
BCA Protein Assay Kit) and the NanoDrop1000 (Thermo Fisher). Lysates 
were denatured in sample buffer (250 mM TRIS pH 6.8, 40% glycerol, 
20% (v/v) β-mercaptoethanol, 0.33 mg/ml bromophenol blue, 8% so
dium dodecyl sulphate (SDS)) for 5 min at 95 ◦C. SDS-PAGE separation 
was performed on 10% or 12% polyacrylamide gel in a Mini Protean 3 
apparatus (Bio-Rad) at 30 μg protein per lane according to the Laemmli 
method [57]. Tris-glycine buffer for protein transfer contains 20% 
methanol and 0.05% SDS. PVDF 0.45 µm (polyvinylidene difluoride) 
(Immobilon®, Millipore, Bedford, MA, USA) membranes were used for 
transfer 1 h at 140 V (for most protein separations) and nitrocellulose 
0.20 µm membranes (Bio-Rad) for transfer 0.5 h at 70 V were used for 
VEGF-A and VEGF-C proteins. The membranes were blocked in 5% milk 
in 0.05% TBST, except for CHI3L1, which was blocked in 5% 
BSA/0.05% TBST and incubated overnight at 4 ◦C with primary anti
bodies against CHI3L1 (1:1000, goat polyclonal, AF2599, R&D), 
β-tubulin (1:1000, in 0. 1% BSA in 0.1% TBST, rabbit polyclonal, 
ab6046, Abcam), GAPDH (1:1000, in 5% milk in TBST 0.05%, rabbit 
monoclonal, 2118, Cell Signalling, Denver, MA, USA), VEGF-A (1:1000, 
in 5% milk in TBST 0. 05%, mouse monoclonal, M7273, Dako, Glostrup, 
Denmark), VEGF-C (1:1000, mouse monoclonal, 101-M90, ReliaTech, 
Wolfenbüttel, Germany), VEGF-D (1:1000, in 5% milk in TBST 0. 05%, 
mouse monoclonal, MAB286, R&D), STAT-3 (1:1000, in 0.1% TBST, 
rabbit polyclonal, A11185, ABclonal, Woburn, MA, USA), p-STAT-3 
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(1:1000, in 5% milk in 0.05% TBST, rabbit monoclonal, ab76315, 
Abcam). The membranes were then washed three times in 0.05% TBST 
or TBSTX0.2% for CHI3L1 and incubated for 1 h RT with horseradish 
peroxidase (HRP)-conjugated secondary antibodies using donkey 
anti-rabbit antibody (1:6000) or donkey anti-mouse antibody (1:3000) 
(both in 5% milk in 0. 0.05% TBST, Jackson ImmunoResearch, Suffolk, 
UK) or donkey anti-goat (1:10000 in TBST, Jackson ImmunoResearch). 
Chemiluminescence was performed using Luminata Classico Immobilon 
Western HRP Substrate, Luminata Forte Immobilon Western HRP Sub
strate or SuperSignal West Femto Chemiluminescent Substrate (Thermo 
Fisher). ImageLab software (Bio-Rad) and ChemiDocTM MP system 
(Bio-Rad) were used for visualisation with exposure times ranging from 
1 s to 3 min 

2.23. Label-free digital holographic tomography (DHT) 

DHT is based on quantitative phase imaging and allows reconstruc
tion of the RI, which is used as an image contrast for 3D visualisation of 
living cells. Furthermore, DHT provides label-free 3D morphological and 
optical information with submicron or even subnanometre resolution 
beyond the optical diffraction limits characteristic of conventional mi
croscopy techniques, including scanning confocal fluorescence micro
scopy [58,59], is non-destructive or does not require time-consuming 
and costly sample preparation procedures as in TEM microscopy. 

Cells were seeded at 3.4 × 103 (2.2 ×103 cells per 1 cm2) cells per 
dish (Ibidi, Gräfelfing, Germany) in 600 µl of complete DMEM medium 
containing the following concentrations of G721–0282 compounds: 100 
µM, 50 µM, 25 µM, 12.5 µM, 6.25 µM. The experiment included a control 
with culture medium and a control with solvent (0.1% DMSO). After 72 
h, the media and concentrations of the tested compound were replaced 
with fresh ones and the incubation continued for another 72 h. DHT 
methods were then used to assess the influence of the inhibitor con
centration on live glioblastoma cells. 

DHT was used to qualitatively and quantitatively investigate the 
effect of different inhibitor concentrations on glioblastoma cells. A 
schematic of the measurement procedure and data analysis is shown in 
Fig. 6A. A digital holotomograph (3D Cell Explorer, Nanolive, Tol
ochenaz, Switzerland) with a dry microscope objective (60 ×, numerical 
aperture NA=0.8, Nikon) was used to visualise the spatial distribution of 
the refractive index (RI) in the form of 3D-RI tomograms of the inves
tigated glioblastoma cells. Each 3D-RI tomogram was numerically 
reconstructed from a series of digital holograms (DH) acquired at 
different illumination angles. The numerical reconstruction of the 3D-RI 
tomograms was performed using the STEVE software (version 1.6.3496, 
Nanolive, Tolochenaz, Switzerland). 

Based on the reconstructed 3D-RI tomograms, the cells and charac
teristic intracellular structures could be digitally stained based on their 
RI values to obtain the rendered 3D visualisation of the cells. The glio
blastoma cell samples studied were divided into seven groups: reference 
cells incubated in nutrient medium (C), cells incubated with nutrient 
medium and inhibitor solvent (SC), and cells incubated with five 
different concentrations of the inhibitor G721–0282: 100 µM, 50 µM, 25 
µM, 12.5 µM, 6.25 µM. For each group, at least 15 3D RI tomograms were 
reconstructed from the 96 2D RI tomograms of the cells. The thresh
olding of the RI histogram was used to distinguish the regions of indi
vidual cells and to perform segmentation based on the dedicated 
algorithm developed in MATLAB® software (version R2021b, Math
Works, Natick, MA, USA). Based on the 2D-RI tomograms representing 
the central cross-section through the cells, digital staining based on the 
RI values of specific intracellular structures such as cytoplasm, nucleus, 
nucleoli and lipid droplets was performed to obtain the 3D visualisations 
of the studied cells. 

The inhibitor-induced changes in RI values within the cells caused by 
the different concentrations of inhibitor were investigated quantita
tively. First, the variation of the average 3D RI values of whole cells from 
each group was analysed. Then, to investigate the influence of the in

hibitor concentration on the cellular structures, their average RI values 
were extracted from segmented 3D-RI tomograms and analysed. The 
inhibitor used affects the protein concentrations inside the cells, so the 
RI values of the cells and their structures should differ from the control 
samples. As the RI value of cell structures is directly related to cell dry 
mass or dry mass density, which is an important biophysical parameter, 
it can also provide additional information to characterise inhibitor- 
induced changes in the chemical composition of the cells. Particular 
attention has been paid to changes in the intracellular protein concen
tration of cellular structures. RI data provide information on the local 
concentration of non-aqueous molecules such as proteins, sugars, lipids 
and nucleic acids within cells. The RI is linearly proportional to the 
chemical concentration of these molecules [60]. Therefore, based on RI 
data, dry mass density can be derived from RI using a linear calibration 
model (formula 6) [61], [62]: 

drymassdensity =
1
α

(
RIS

RImedium
− 1

)[ g
dL

]
(6)  

where α is the proportionality constant called the RI increment, RIs is the 
mean value of the RI of the examined cellular structure, and RI medium is 
the mean value of the medium surrounding the cells. RI increment 
values vary in the range of 0.18–0.21 ml/g [47]. Since the inhibitor 
should only affect the concentration of proteins, the α of 0.185 ml/g, 
known to be a typical value for proteins [18], [19], was used to deter
mine the dry mass density of the cytoplasm. In the case of the nucleus, 
the evaluated α was the average of its typical value for nucleic acids 
(0.170 ml/g) and proteins (0.185 ml/g). Furthermore, taking into ac
count the fact that lipid droplets usually contain not only lipids but also 
proteins attached to their surface, the RI increment of 0.160 ml/g was 
used as the average of its typical value for proteins (0.185 ml/g) and 
lipids (0.135 ml/g). 

2.24. Statistical analysis 

Normality of distribution was analysed using the Shapiro-Wilk test. 
Statistical analysis was performed using one-way ANOVA with Tukey’s 
post-hoc tests for multiple comparisons. Statistical significance was 
defined as p < 0.05. The existence of statistically significant differences 
between the RI values of individual cells and their structures was 
confirmed by one-way ANOVA. If the determined p-value (Prob>F) for 
the F-statistic is less than the assumed significance level (in our case 
0.05), the test rejects the null hypothesis that all group means are equal. 
The normality assumption of the extracted average 3D-RI values was 
tested using the Anderson-Darling test. Prism 9.4.1 (GraphPad, La Jolla, 
CA, USA) was used for statistical analysis. 

3. Results 

3.1. Theoretical calculations of BBB permeation of G721-0282 
compound 

The calculated values of the logBB for the studied compound were 
found to be: 0.29 (Eq.1), 0.47 (Eq.2), 0.03 (Eq.3) and 0.12 (Eq.4). It is 
generally accepted that drugs with logBB> 0.3 readily cross the blood- 
brain barrier readily, whereas molecules with logBB< − 1 are poorly 
distributed in the brain [63], [64]. The predicted logBB for G721–0282 
suggests an ability to cross the blood-brain barrier. We also calculated 
the probability of crossing the blood-brain barrier by a procedure using 
machine learning and resampling methods [65]. The probability was 
calculated using the web tool admetSAR. The obtained probability is 
0.9795. 

3.2. SRB 

Cytotoxicity evaluation showed that G721–0282 decreased the 
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viability of U-87 MG glioblastoma cells most significantly at 72 h, but 
didn’t reach the IC50 level. In normal fibroblast cells NHDF and endo
thelial cells HMEC-1, viability was mostly decreased after 24 and 48 h of 
incubation, but after 72 h G721–0282 didn’t cause any cytotoxicity ef
fect (Fig. 1D), even at a wide range of concentrations (Fig. S1). 

3.3. Cell cycle 

Cell cycle analysis differentiated U-87 MG cells into two sub
populations of diploid and aneuploid cells. The analysis showed that 
G721–0282 didn’t induce G1 phase in the diploid subpopulation, but 
rather decreased it at 25 µM. However, at 100 µM we observed a sig
nificant decrease in G1 phase in aneuploid cells. At 25 µM of G721–0282 
a decrease in S phase was clearly visible. In diploids, the lowest per
centage of cells in S phase was observed at 100 µM (Fig. 1A). 

In the diploid subpopulation, the percentage of cells in G2 phase was 
significantly higher after treatment with 100 µM G721–0282. Arrest in 
the G2 phase of the cell cycle was also observed in aneuploids at 100 µM 
(Fig. 1A). 

3.4. Apoptosis 

The percentage of apoptotic cells in U-87 MG cells was high at 
12.5 µM and 6.25 µM, but was highest after incubation with 100 µM 
G721–0282 (Fig. 1B). 

3.5. Necrosis 

The percentage of U-87 MG cells with ongoing necrosis was signifi
cantly higher after treatment with 100 µM compared to other groups 
(Fig. 1C). 

3.6. Angiogenesis 

In an experiment with the addition of 0.6 µg/ml recombinant 
CHI3L1 protein, the formation of tube-like structures in HMEC-1 cells 
was reduced at a concentration of 100 µM G721–0282 and at 100 µM 
and 50 µM with the addition of 2.4 µg CHI3L1. HMEC-1 cells formed the 
most tubes at 2.4 µg/ml CHI3L1 protein. No statistical differences in the 
number of tubes were observed in HMEC-1 cells treated with 
G721–0282 alone, without CHI3L1 (Fig. 2A). Endothelial cell density 
was also reduced in spheroids developed in the presence of G721–0282 
and cultured for 2 weeks (Fig. 2B). 

In U-87 MG cells, G721–0282 inhibited the formation of tub-like 
structures in the presence of 0.6 µg/ml CHI3L1. In the presence of 
2.4 µg/ml CHI3L1, the most effective inhibition of tube-like structure 
formation occurred at 100 µM G721–0282. When G721–0282 was 
added alone, 100 µM and 50 µM concentrations inhibited tube forma
tion (Fig. 3). 

3.7. Scratch assay 

After incubation of U-87 MG cells with G721–0282, no differences 
were observed after 72 h, but prolonged incubation with the inhibitor 
for the next 72 h showed a decrease in cell migration at the highest 
concentration (100 µM) (Fig. 4A). Decreased cell motility was also 
observed in standard U-87 MG cells cultured with CHI3L1 inhibitor 
(Fig. 4B and C). 

3.8. Cytoskeletal architecture 

Immunofluorescence reactions showed a lower density of β-tubulin 
filaments in U-87 MG cells after prolonged treatment (2 ×72 h) with two 
highest concentrations of G721–0282: 100 µM and 50 µM, compared to 
controls. A similar result was observed for F-actin filaments stained with 
phalloidin, where phillopodia formation was reduced at 100 µM, 50 µM 

and 25 µM (Fig. 4C and D). 

3.9. Immunohistochemical reactions (IHC) 

IHC reactions showed the presence of CD31-positive endothelial cells 
in spheroids, CD163-positive M2 macrophages and also the presence of 
cells of neuronal origin expressing GFAP and CHI3L1. IBA1 expression 
was also detected in microglial cells and macrophages (Fig. 4E). 
Expression of CD68, a pan-macrophage marker, is typical for U-87 MG 
cells [66] (data not shown). In addition, CD133-positive cancer stem 
cells were observed in the spheroids. For comparison, expression of 
these markers was also observed in glioblastoma tissue (Fig. 4E). 
Interestingly, CD31 expression was also observed in spheroids initially 
growing in G721–0282, and we observed a decreased density of 
CD31-positive cells at 100 µM G721–0282 (Fig. 4E). 

3.10. Immunofluorescence reactions 

The results of the immunofluorescence reactions performed allowed 
the detection of CD31 + endothelial cells coexisting with glioma U-87 
MG cells expressing CHI3L1 and GFAP, as well as CD163 + macroph
ages (Fig. 4D). 

3.11. TEM 

Two types of spheroids were created in the in vitro experiments to 
assess the morphology and relationships of the different cells in the 
tumour microenvironment. The TEM method was used after increasing 
the contrast of the cell membranes with lead citrate and UranyLess 
contrast to assess the morphological characteristics of the cells inside the 
spheroids. Four distinct cell types were identified. Fibroblasts (Fig. S2) 
were elongated and contained a euchromatic, elongated nucleus with 
islands of heterochromatin and one or two large nucleoli with a distinct 
granular component, fibrillar centre and dense fibrillar component. In 
the cytoplasm, interconnected dilated tubules and sacs of rough endo
plasmic reticulum, prominent and well-developed cisternae of dictyo
somes, lipid droplets, round or rod-shaped mitochondria with lamellar 
cristae and abundant cytoskeletal components were detected. Fibro
blasts were surrounded by extracellular matrix components such as 
ground substance and fibres. Characteristic features of macrophages 
were numerous lipid droplets and lysosomes, a single nucleus but with 
multiple nuclear envelope invaginations; electron dense cytoplasm 
containing many rod-shaped mitochondria. The most striking feature 
was the long cytoplasmic processes extending from the cell membrane 
towards the dead cells. Large and electron-bright glial cells have poly
lobate euchromatic nuclei with some heterochromatin clumps, 
numerous lipid droplets, cisternae of the Golgi apparatus and many rod- 
shaped mitochondria with lamellar cristae and autophagic vacuoles 
with various contents surrounded by multiple membranes. In addition, 
the rough endoplasmic reticulum formed concentric circles. 

The endothelial cells were spherical with round nuclei, a single 
nucleolus, many encapsulated vesicles and vacuoles in the cytoplasm. In 
addition, the cells in the spheroids cooperate by developing intercellular 
junctions of two different patterns (cell-to-cell adherent or tight) or the 
tips of the cytoplasmic processes of the same cells adhere to each other. 
The cells also produce cytoplasmic processes that engulf the other cells 
(Fig. 4F). 

3.12. Multiplex analysis 

A decreasing effect of G721–0282 on IL-1β expression levels in 
spheroids was observed, with the lowest levels at 100, 25 and 6.25 µM. 
The highest levels of IL-1β were observed at 50 and 12.5 µM, but 
increased in the solvent control compared to the medium control. The 
level of IL-1β in the supernatants was inversely proportional to the 
concentration of G721–0282, although a trend towards increased levels 
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Fig. 1. Cell cycle analysis and cytotoxicity in G721–0282 treatment. Influence of G721–0282 on U-87 MG cell cycle -A in aneuploid and diploid subpopulation and 
on induction of apoptosis -B and necrosis -C at five concentrations. Analysis of changes in cell viability -D after G721–0282 treatment was performed on human U-87 
MG glioblastoma cells, microvascular endothelial cells HMEC-1 and dermal fibroblasts NHDF using the SRB assay. A control (C) with medium and a control with 
DMSO concentrations of 100 µM of G721–0282 (SC solvent control) were included in the experiments. One-way ANOVA Tukey’s post-hoc tests were performed for 
multiple comparisons. 
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Fig. 2. Inhibition of CHI3L1-dependent angiogenesis in in vitro models. Angiogenesis inhibition by G721–0282 in tube formation assay with microvascular 
endothelial cells HMEC-1 -A in the presence of recombinant CHI3L1 protein and CHI3L1 inhibitor: G721–0282 at five concentrations: 100 µM (A), 50 µM (B), 25 µM 
(C), 12.5 µM (D), 6.25 µM (E), (F) solvent control (SC; control containing DMSO concentrations found in 100 µM of G721–0282) and control (G). Control with 
addition of G721–0282 without CHI3L1 was included in the experiments. One-way ANOVA with Tukey’s post-hoc test was performed. Effectiveness of angiogenesis 
inhibition was also investigated on spheroid model -B consisting of U-87 MG cells, HMEC-1 cells and macrophages and growing in presence of CHI3L1 inhibitor. 
Immunohistochemical reactions were performed to localise CD31 + endothelial cells. 
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Fig. 3. Inhibition of CHI3L1-dependent vascular mimicry in U-87 MG cells. Inhibition of tube-like structure by G721–0282 in the tube formation assay with 
glioblastoma U-87 MG in the presence of recombinant CHI3L1 protein and CHI3L1 inhibitor: G721–0282 at five concentrations: 100 µM (A), 50 µM (B), 25 µM (C), 
12.5 µM (D), 6.25 µM (E), (F) solvent control (SC; control containing DMSO concentrations found in 100 µM of G721–0282) and control (G). Control with addition of 
G721–0282 without CHI3L1 was included in the experiments. One-way ANOVA Tukey’s post-hoc tests were performed. 
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of this interleukin was observed at 12.5 µM. IL-6 levels were lowest at 
100 µM, 50 µM, 12.5 and 6.25 µM G721–0282 compared to the solvent 
control group and highest at 25 µM. IL-6 levels were decreased in the 
solvent control group compared to the control. No differences in this 
interleukin level were observed in the supernatants. IL-10 levels were 
decreased in spheroids at 100 µM and 6.25 µM concentration of 
G721–0282. The highest levels of this interleukin were found at 50 µM 
and 25 µM. IL-10 levels in the supernatants were elevated at 6.25 µM 
compared to the other groups. IL-18 levels in spheroids were signifi
cantly higher at 12.5 µM. In the solvent control group, IL-18 levels were 
lower compared to the control group. In the supernatants only a trend 
towards the lowest IL-18 concentration at 100 µM was observed. In 
spheroids, the level of TNF-α decreased at all concentrations of 
G721–0282, especially at 6.25 µM, and the highest level was observed at 
25 µM. In the solvent control group, TNF-α levels decreased compared to 
the medium control group. No differences were found in the superna
tant. TNF- β expression levels in spheroids were also lowest at 6.25 µM 
and highest at 25 µM. In the solvent control group, the level of TNF-α 
increased compared to the control group. The highest level in the su
pernatants was at 100 µM (Fig. 5). 

3.13. ddPCR 

The lowest levels of CHI3L1 mRNA were observed in cells treated 
with 100 and 50 µM of G721–0282. CHI3L1 mRNA levels were also 
increased inversely with inhibitor concentration. VEGF-A mRNA level 
was the highest in U-87 MG cells treated with 100 µM of inhibitor and 
the relationship between mRNA level and compound concentration was 
directly proportional. The lowest levels of VEGF-A mRNA were observed 
in the solvent control. Conversely, in spheroids the highest levels of 
CHI3L1 mRNA were at 100 µM. There was no directly proportional 
relationship between inhibitor concentration and CHI3L1 mRNA 
expression, however the lowest level of VEGF-A mRNA was observed in 
spheroids treated with 25 µM of G721–0282. In U-87 MG cells, the 
highest level of VEGF-C mRNA was found at a concentration of 25 µM of 
G721–0282, while in a spheroid model the lowest level was found. The 
highest expression of VEGF-C mRNA was observed in spheroids cultured 
in 12.5 µM and 6.25 µM of inhibitor. No difference was observed for 
VEGF-D mRNA levels (Fig. 6A). 

3.14. Western blotting 

Western blotting showed that CHI3L1 protein increased in U-87 MG 
cells treated with 100 µM, 50 µM and 25 µM of G721–082. VEGF-A and 
VEGF-C weren’t observed at the protein level, but VEGF-D expression 
was higher in cells treated with CHI3L1 inhibitor at concentrations of 
100–12.5 µM. At 6.25 µM and control, VEGF-D levels were lowest. In 
cells treated with 100 µM and 25 µM G721–0282, pSTAT-3 expression 
was highest than in other groups and lowest in cells incubated with 
6.25 µM compound (Fig. 6B). 

VEGF-A expression was lowest in spheroids treated with 100 µM 
G721–0282. No VEGF-C protein expression was observed. VEGF-D 
expression was not highest in spheroids treated with G721–0282, but 

a concentration of 100 µM led to a decrease in this protein level. The 
expression of pSTAT-3 was highest in spheroids treated with 50 µM and 
25 µM G721–0282. For the inhibitor concentrations studied, a 
decreasing influence on STAT-3 phosphorylation was observed in 
spheroids incubated with 100 µM G721–0282. The expression of STAT-3 
was highest in spheroids incubated with 100 µM, 50 µM and 25 µM 
compared to the other groups (Fig. 6C). Furthermore, Western blotting 
analysis shows a different pattern of expression of CHI3L1, VEGFs, 
STAT-3 and pSTAT-3 in different types of brain tumours (Fig. 6D). 

3.15. The morphological, qualitative analysis of glioblastoma single cells 
by DHT based digital staining 

The refractive index (RI) of specific intracellular structures of glio
blastoma single cells, obtained from reconstructed 3D RI tomograms, 
was used as an imaging contrast to visualise these structures and to 
perform morphological analysis of the examined single cells. The results 
obtained showed that the RI data obtained provided sufficient infor
mation to visualise the main intracellular structures of glioblastoma 
cells, which were also observed on conventional TEM images. In Fig. 7B, 
these characteristic structures are indicated by arrows on 2D-RI tomo
grams representing the central cross-section of the cells, or they are 
digitally coloured on 3D-RI tomograms based on their RI value. The DHT 
was only able to distinguish several intracellular structures in a label- 
free manner, including cytoplasm, nucleus, nucleoli, phagosomes and 
lipid droplets, based on their distinctive shapes and RI values. Visual 
observation of the control cells shows that the presence of the nucleus 
(yellow arrows and yellow staining in Fig. 7B) with multiple nucleoli is 
common in this cell line. The analysis of the TEM images of the exam
ined cells showed that the nuclei are surrounded by the endoplasmic 
reticulum (ER), but it was not possible to distinguish the ER directly, as 
it has similar RI values to the nuclei. Furthermore, the presence of 
phagosomes in the form of low-RI vesicles in Fig. 7B (white arrows) 
corresponds to the TEM images of this glioblastoma cell line, which 
shows very high autophagy, common for this type of cancer cells. 
Another characteristic feature is that the nuclei are surrounded by the 
high RI spheroid-shaped structures (violet arrows or magenta staining in 
Fig. 7B). 

3.16. Quantitative DHT analysis of glioblastoma single cells and 
intracellular structures based on RI-data 

The RI data obtained allow quantitative analysis not only of the 
average RI values of the cells but also of the cellular structures. Firstly, 
based on the extracted average RI values of whole single cells from each 
investigated group of samples with different inhibitor concentration, it 
was possible to determine the statistical significance of the influence of 
the investigated factor: type of solvent used and inhibitor concentration 
on the single cells. The average RI values of the extracted cellular 
structures were then analysed to determine which particular structure 
was most affected by the inhibitor used. 

Fig. 4. Inhibition of cell migration and modification of cytoskeletal proteins as a result of CHI3L1 inhibition in U-87 MG cells, which are also component of the 
spheroid model used to study the effects of G721–0282. Scratch assay was performed to assess the migration of glioblastoma U-87 MG cells after G721–0282 
treatment; crystal violet was used to visualise the cells -A. Changes in U-87 MG cells cultured in the presence of G721–0282 are shown in B. Cytoskeletal rear
rangement after CHI3L1 inhibitor treatment was assessed in β-tubulin and F-actin visualised in the immunofluorescence reaction -C. Yellow stars correspond to high 
density of cytoskeletal β-tubulin, yellow arrows indicate phillopodia composed of F-actin philaments involved in cell motility. Control (C) with medium and control 
with DMSO concentrations of 100 µM of G721–0282 (SC solvent control) were included in the experiments. In the spheroid model consisting of U-87 MG cells, 
HMEC-1 cells and macrophages, the presence of CD31 + endothelial cells (green), GFAP- (green) and CHI3L1-positive neuronal cells (magenta) and macrophages 
with CD163 + phenotype 2 (green) was shown in IF reaction -D, IHC reaction -E with comparison to GBM tissue; CD133 + cancer stem cells were detected in GBM 
tissue and spheroids. Three cell types were also detected by TEM (F): A-D - different cell populations; cytoplasmic processes in C (arrows), cell-cell junctions in D 
(arrows). N - cell nucleus,Nu - nucleolus; E-H - electron micrographs show relationships between cells; the macrophage forms cytoplasmic processes that surround the 
apoptotic cells in the spheroid at E (arrows), the endothelial cell forms closing junctions at F (arrows) or surrounds another cell at G and H (arrows). N - nucleus, Ld - 
lipid droplets. 
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Fig. 5. Cytokine and chemokine balance after CHI3L1 inhibition. Multiplex analysis of cytokine and chemokine growth factors was performed in spheroids treated 
with G721–0282 and in conditioned medium from spheroid culture. A control (C) with medium and control containing DMSO concentrations equivalent to 100 µM 
G721–0282 (SC solvent control) was included in the experiments. One-way ANOVA Tukey’s post-hoc tests for multiple comparisons were performed. 
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Fig. 6. Changes in mRNA and protein expression after treatment with G721–0282. Expression of mRNA levels assessed by ddPCR (A) in U-87 MG cells and spheroids 
consisting of U-87 MG cells, HMEC-1 cells and macrophages after treatment with G721–0282; A control (C) with medium and control containing DMSO concen
trations occurring in 100 µM of G721–0282 (SC solvent control) was included in the experiments. One-way ANOVA Tukey’s post-hoc tests were performed for 
multiple comparisons. Expression of protein level was performed by Western blot method (B) in U-87 MG cells and in spheroids after treatment with G721–0282 and 
also on brain tumour tissues of different grades according to WHO classification; Hem: haemangioblastoma, AIII: astrocytoma III grade, Gliosarc.-gliosarcoma, GBM- 
glioblastoma multiforme. 
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3.16.1. The analysis of the inhibitor-induced RI changes of single cells 
Fig. 8 A shows the variation in the averaged 3D-RI values of indi

vidual cells from each group examined. As there were no significant 
changes between C and SC samples, the average results (indicated as 
control) for these samples are shown in this figure. It shows that, except 
for the inhibitor concentration of 6.35 µM, there are significant changes 
between the average RI values obtained for treated and untreated 
(control) cells. In the case of cells treated with a concentration of 
100 µM, the presence of the fibre structures (such as actin filaments) 
with the high RI value affects the initial range of variation of the average 
RI values of these cells. After eliminating these structures (100 µM 
modified in Fig. 8 A) from the analysis, the lowest average RI values 
were obtained for these cells, indicating that the greatest decrease in RI 
is achieved at the 100 µM concentration of inhibitor used. As the in
hibitor concentration decreases, an increase in RI values is observed and 
at 6.26 µM the cells show the same RI as the control group. 

One-way ANOVA was performed to determine the statistical signif
icance of inhibitor concentrations on RI of single cells (see Table S1 in 
the Supplementary Material). First, the potential influence of the solvent 
used for inhibitor administration on the cells was analysed by comparing 
the control group and the group of cells incubated with the solvent. The 
determined p-value (Prob>F) for the F-statistic is higher than the 
assumed significance level (in our case 0.05), which indicates that the 
solvent used has no significant influence on the RI values of the exam
ined cells. 

Furthermore, the other ANOVA results show the existence of the 
statistically significant differences in the average RI values of the cells 

only for the inhibitor concentrations from 100 to 12.5 µM. The lowest p- 
value indicating the most significant variation in RI values between the 
control and tested groups, was initially not obtained for the highest 
concentration of 100 µM (without modification), but for the 50 µM 
concentration. 

The lowest RI values obtained at a concentration of 50 µM indicate 
the lower density of the inhibitor treated cells compared to the control 
cells, which may be related to the lower concentration of the proteins in 
the cytoplasm. As the inhibitor concentration is decreased, an increase 
in the averaged RI values of the cells is observed, so that at a concen
tration of 6.25 µM, no statistically significant changes in RI were 
observed between the treated and control cells. It should be noted, 
however, that such a result for the 100 µM concentration may be related 
to already indicated the presence of actin filament like structures, as 
already indicated, which exhibit higher RI values and affect the aver
aged RI values of these cells. After eliminating these structures from the 
analysis, the average RI values for this group decreased significantly and 
the most significant differences between the control cells and treated 
cells were indicated by ANOVA for the 100 µM concentration, con
firming that the increase in inhibitor concentration leads to a decrease in 
the average 3D-RI of the single cells and a decrease in their intracellular 
density. 

3.16.2. The analysis of the inhibitor-induced RI changes of cellular 
structures 

To investigate possible inhibitor concentration-dependent changes at 
the intracellular level, the average RI values of some specific structures 

Fig. 7. Comparison of the morphological and 2D-RI distribution changes of cells after G721–0282 treatment. Scheme of the DHT study (M-flat mirrors, M1/M2- 
mirrors on a rotating arm, MO-microscope objective, BS-beam splitters, CAM-camera) -A. Representative 2D-RI tomograms and digitally stained 3D-RI tomograms of 
single cells untreated (control 1, control 2) and treated with inhibitor in 5 decreasing concentrations: 100 µM, 50 µM, 25 µM, 12.5 µM, 6.25 µM. White arrows 
indicate specific intracellular structures: white-phagosomes, yellow-nuclei with nucleoli, violet-lipid droplets, red-actin filaments. Scale bars: 20 µm -B. 
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were examined. The ability to differentiate intracellular structures based 
on RI values has been demonstrated previously [67]. 

The variation in RI of intracellular structures provides insight into 
physiological and externally induced changes in the density of these 
structures caused by changes in the concentration of chemical compo
nents. However, it should be noted that their differentiation is directly 
related to the ability to distinguish the minimal local variation of RI. In 
our case, on the basis of the digitally stained cells, it was possible to 
analyse the variation in the average RI values of intracellular structures 
such as the cytoplasm, nucleus, nucleoli and lipid droplets caused by the 
decrease in the inhibitor concentration from 100 to 6.25 µM, compared 
to the variation between the reference cells (control1/control2). The 
results are shown in Fig. 8B. 

In the case of all the cells analysed among the reference samples, the 
median values of the average RI values of all the structures are similar, 
indicating that the solvent used for the administration of the inhibitor 
did not affect the intracellular structures. 

It can be seen that increasing the inhibitor concentration leads to a 
decrease in the average RI value of the cytoplasm, indicating a decrease 
in its optical density, which may be associated with significant changes 
in the intracellular protein concentration, including cytoskeletal pro
teins. One-way ANOVA (see Table S2 in the Supplementary Material) 
indicates the existence of statistically significant differences only be
tween Control 2 and 100, 50, 25 µM inhibitor-treated samples. The 
differences in the average RI values of the cytoplasm decrease with 
decreasing inhibitor concentration and for 12.5 and 6.25 µM there are 
no statistically significant differences between control and inhibitor- 

treated cells. The significant decrease in average cytoplasmic RI values 
may be related to the reorganisation of the cytoskeletal structure of 
these cells induced by the high inhibitor concentration, as indicated by 
the presence of high RI actin fibre-like structures (average RI equal to 
1.360276). In the case of cells from other groups of samples 
(50–6.25 µM), there were no counterparts of such structures inside 
them. In the case of cells treated with 50 µM, which have a higher 
average RI of the cytoplasm, it is possible that the concentration of in
hibitor used limits the concentration of proteins, leading to a decrease in 
the density of the cytoplasm, but without the presence of these fibre-like 
structures as in the case of cells treated with 100 µM. This effect suggests 
that the 100 µM concentration is the one that most alters the dynamics 
of cytoskeletal proteins. 

In the case of one nucleus (see Fig. 8B), the statistically significant 
decrease in its average RI values was only observed at the 100 and 50 µM 
concentration, with the highest decrease also observed at the highest 
inhibitor concentration (100 µM). The results of the one-way ANOVA 
indicate that at lower concentrations (25–6.25 µM), the average RI of 
the nucleus did not show statistically significant differences between 
inhibitor-treated and reference cells (see Table S2). Taking into account 
the resolution of DHT and the previously indicated presence of the 
annulus-like structure of rough endoplasmic reticulum (rER) or granular 
endoplasmic reticulum closely surrounding the nuclei of the glioblas
toma cells examined, the peripheral regions of the nuclei may also 
contain rER. It was not possible to fully extract this structure for the 
nucleus, which may affect the results obtained. The inhibitor may affect 
the concentration of proteins synthesised within the rough endoplasmic 

Fig. 8. Quantitative analysis of RI data based changes in single cells and cellular structures after G721–0282 treatment. The exemplary 3D-RI tomogram of a digitally 
stained single cell and the boxplot representing the variation of the average RI values of single cells among different groups of samples examined (untreated: C, SC, 
treated: 100–6.25 µM) - A. The representative digitally stained cellular structures (cytoplasm, nucleus, nucleoli, lipid droplets) based on RI values and boxplots of 
their average RI values in the presence of different concentrations of the inhibitor (100–6. 25 µM) - B. The study of the presence of lipid droplets inside the single 
cells: the exemplary 2D-RI tomograms of control 2 and 100 µM samples (yellow arrows indicate the nucleus with nucleoli, violet arrows indicate the lipid droplets in 
the region surrounding the nucleus) and boxplot representing the variation of the total volume of lipid droplets inside the cells. Scale bars: 10 µm - C. The changes in 
the determined dry mass density of the cytoplasm, nucleus and lipid droplets of the control 2 samples and the samples with five different concentrations of inhibitor 
(100–6.25 µM). - D. 
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reticulum, leading to a decrease in the average RI values of the regions 
extracted from the 3D RI tomograms as nuclei. As in the previous cases, 
the most significant decrease in RI is observed at the highest inhibitor 
concentration (6.25 µM). 

In the case of glioblastoma cell nucleoli, the concentrations of in
hibitor used (100–6.25 µM) did not statistically affect their mean RI 
values. The median RI values are almost the same in all cases (see 
Fig. 8B), which was also confirmed by one-way ANOVA (see Table S2). 

In the case of lipid droplets, the results were similar to those obtained 
for the nucleus (see Fig. 8B). The decrease in their average RI value, 
which led to statistically significant differences between the reference 
and inhibitor-treated cells, was observed only in the case of the 100 and 
50 µM concentrations. These results suggest that the inhibitor used may 
affect the concentration of these types of proteins in the lipid droplets, 
but this process is directly related to the inhibitor concentration. The 
ANOVA results (see Table S2) indicate that the decrease in protein 
concentration in lipid droplets was statistically significant only for 100 
and 50 µM inhibitor concentrations. 

Visual observation of the reconstructed 3D RI tomograms showed 
that the number of lipid droplets was significantly higher in the 
inhibitor-treated cells than in the control 2 cells (see Fig. 8 C). Based on 
the digital staining of the lipid droplets, it was possible to compare the 
total volume of lipid droplets in the cells of all samples examined. The 
results show that the total volume of lipid droplets inside the cells in
creases as the concentration of inhibitor used increases. 

For a more complex analysis of the inhibitor-induced changes in 
protein concentration within the examined cells, the dry mass density 
was determined based on the extracted RI values of the cytoplasm, nu
cleus and lipid droplets (see Fig. 8D). As can be seen in the case of the 
cytoplasm, the differences in dry mass density between control 2 and 
inhibitor-treated cells were 0.00167, 0.0137 and 0.0060 g/ml for the 
concentrations of 100, 50 and 25 µM, respectively. This confirms that 
the use of the higher concentrations of inhibitor leads to the greatest 
decrease in protein concentration in the cytoplasm. In the case of the 
nucleus, the same tendency occurs; the differences in dry mass density 
were equal to 0.0207, 0.0091 g/ml for the concentrations of 100 and 
50 µM, respectively. Therefore, the highest difference in dry mass den
sity was obtained for the reference and inhibitor-treated (100 µM) 
samples for the nuclei. These values were an order of magnitude higher 
than those for the cytoplasm, but the nucleus and the surrounding 
endoplasmic reticulum can have a higher protein concentration than the 
cytoplasm, which could be responsible for the higher changes in dry 
mass density for the highest inhibitor concentration. On the other hand, 
for the lipid droplets with the highest RI values, the differences in dry 
mass density were 0.01267 and 0.0130 g/ml for 100 and 50 µM con
centrations, respectively. Therefore, the greatest decrease in protein 
concentration was obtained at the 50 µM concentration, which is also 
confirmed by the previous results of the ANOVA (see Table S2), where 
the lowest p-value was obtained for this concentration of inhibitor. 
These results indicate the strongest effect of G721–0282 at 100 µM and 
50 µM. 

4. Discussion 

The cytotoxicity evaluation of G721–0282 performed on glioblas
toma U-87 MG cells expressing CHI3L1, as well as on normal endothelial 
cells HMEC-1 and NHDF fibroblasts, which do not express this protein, 
showed that the at-IC50 value was not reached. The cytotoxic effect of 
G721–0282 on these cells was not investigated. To our knowledge, the 
cytotoxic potential of G721–0282 on cancer cells has only been inves
tigated on the human osteosarcoma cell lines MG-63 and U2OS by Park 
et al. and these results show decreasing cell viability depending on 
concentration and time [12]. Our results indicate that G721–0282 
doesn’t have a high cytotoxic potential for normal endothelial cells and 
fibroblasts and suggest the possibility of selective interactions of 
G721–0282 limited to CHI3L1 inhibition without a broad non-specific 

cytotoxic effect. Our results are in agreement with the article pub
lished by Ham et al., where the authors presented no cytotoxic potential 
on BV-2 murine microglial cells in the concentration range of 5, 10 and 
20 µM [68]. Results obtained from the analysis of cell cycle, apoptosis 
and necrosis in U-87 MG cells treated with CHI3L1 inhibitor also 
confirm that this compound did not cause a direct cytotoxic effect, but 
some cell cycle alteration was observed. These results indicate that the 
main molecular mechanism of CHI3L1 inhibition has biological poten
tial in various fields. In addition, these results suggest that the activity of 
G721–0282 may be more selective and less toxic, which is critical in the 
treatment of GBM. Currently, the standard chemotherapeutic agent used 
to treat GBM is temozolomide, the main side effect of which is haema
tological toxicity. Treatment with bevacizumab, which is used as an 
anti-angiogenic agent by blocking VEGF-A, also often leads to leuko
penia and hypertension. In fact, the efficacy of standard treatment, 
including adjuvant and neoadjuvant regimens, in GBM is still inade
quate and overall patient survival is limited to a few months [69]. From 
this point of view, screening for new agents with antitumour activity and 
less systemic toxicity is urgently needed to improve the treatment of 
GBM. 

In a recent study, novel non-contact, non-destructive and label-free 
digital holographic tomography (DHT) was used to characterise 
G721–0282 inhibitor-induced changes in glioblastoma cells, their 
motility and adhesion. It was the first attempt to use this technique to 
quantitatively study inhibitor-induced changes at the single cell level 
based solely on reconstructed RI data without the use of exogenous 
markers. Our DHT results showed a decrease in cytoplasmic density of 
U-87 MG cells at the two highest concentrations of G721–0282 and also 
the formation of protein fibres. We believe that this may be an effect of 
altered depolymerisation of actin fibres and may explain the decrease in 
cell motility observed in the scratch assay. We also observed a similar 
effect of G721–028 on cytoskeletal modifications by immunofluores
cence visualisation of F-actin and β-tubulin fibres, resulting in reduced 
actin and tubulin fibre density, abnormal polymerised fibre architecture 
and phillopodia development. Altered motility of cancer cells has the 
potential to reduce invasiveness and is a promising effect in anti-cancer 
treatment. Recently, a similar effect was observed by Bartak et al. [70] 
and was obtained by treating glioblastoma A172 cells with Alpha
herpesvirus. Infected cells were shown to have impaired migration due 
to rearrangement of the actin cytoskeleton. The presence of similar 
changes in the actin cytoskeleton network as internal and peripheral 
actin stress filaments suggests that the use of the proposed inhibitor at a 
concentration of 100 µM may lead to the same effects as in the case of 
Alphaherpesvirus, a potential oncolytic virus for cancer therapy [70]. In 
DHT imaging, we also observed an increase in the volume of lipid 
droplets together with a decrease in their density in the two highest 
concentrations of G721–0282 in U-87 MG cells, and these effects could 
probably be explained by an alteration in lipid management caused by 
the inhibitor used. At present, lipidomic analysis of this effect appears to 
be another avenue of research worth exploring. Previously reported 
results indicate that the lipids in cells have significantly higher RI values 
than the cytoplasm [20], [29]. Therefore, the obtained DHT and TEM 
results suggested that these structures are the lipid droplets, which are a 
spheroid-shaped monolayer enclosing phospholipid and associated 
proteins. In general, they were located close to the nuclei and the sur
rounding ER, which confirms our observation, since the common hy
pothesis of lipid droplet biogenesis considers lipid droplets as 
ER-derived organelles [71]. Since lipids have significantly higher RI 
values than cytoplasm and other organelles in cells [29], the 3D RI 
distribution of lipid droplets can be effectively segmented from the 
surrounding cytoplasm. Previously reported results verified the coloc
alisation of digitally-stained intracellular lipid droplets based on their RI 
values and Nile Red-stained lipid droplets [22]. In addition, lipid 
droplets are generally located in the perinuclear region, which may be 
related to the presence of the ER in this region. Lipid droplets act as hubs 
that coordinate the pathways of lipid uptake, distribution, storage and 
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utilisation in the cell. They are also essential components of the cellular 
stress response [72–76]. They are generally spherical organelles con
sisting of a core and a single phospholipid membrane. The core of the 
lipid droplet contains mainly triacylglycerols. However, the lipid droplet 
membrane binds many proteins that may have functions unrelated to 
lipid metabolism. The major family of proteins associated with lipid 
droplets are the PAT proteins (perilipin, ADRP and TIP 4), which are 
responsible for regulating lipid metabolism [71]. However, lipid drop
lets in a variety of cell types may also contain proteins with 
well-established roles in the pathogenesis of inflammation and onco
genic cell transformation, tumourigenesis and metastasis, including 
PI3K, ERK1, ERK2, p38, PKC and caveolin. Indeed, increased lipid 
droplets play a role in tumour cell resistance to the therapeutic agent 
due to sequestration, and a correlation with ERK/Akt/mTOR pathway 
activation has been observed with this phenomenon [77]. Furthermore, 
lipid droplets have been implicated in a wide range of carcinogenesis 
through their involvement in the activation of angiogenesis, metastasis, 
invasion, cell cycle progression and immunomodulation of the micro
environment. One of our hypotheses is that this effect is related to the 
stress induced by G721–0282 in U-87 MG cells, and this effect is the 
focus of our further analysis. These results could potentially indicate an 
alteration in lipid accumulation induced by the inhibitor, however this 
effect should be further verified as this effect of G721–0282 has not been 
previously studied. Higher levels of perilipins were observed in glio
blastoma tumours. Increased lipid droplets are considered a poor 
prognostic factor in many cancers and inhibitors of their formation are 
being considered as a targeted therapy in glioblastoma [78,79]. To the 
best of our knowledge, this paper is the first to demonstrate the effect of 
G721–0282 on interleukin expression. Multiplex analyses show that 
G721–0282 has a general potential to reduce IL-1β levels. Interestingly, 
this effect was not linearly dependent on compound concentration. 
Western blotting analysis showed that the pSTAT-3 expression pattern 
was similar to IL-1β levels in spheroids treated with G721–0282. These 
experiments show that the effect of CHI3L1 inhibition, although mainly 
in U-87 MG cells, was model dependent and therefore different STAT-3 
phosphorylation could be observed as a result. The levels of IL-1β 
secreted into the medium confirmed these trends. The results obtained 
by our team are important in terms of the potential of IL-1β. This cyto
kine is known to promote pro-tumour mechanisms in gliomas by 
orchestrating inflammation, and high levels of this interleukin are 
associated with poor prognosis: correlation with progression and shorter 
overall survival of patients. Higher IL-1β expression has also been re
ported in GBM (WHO grade IV) compared to glioma tumours of histo
logical grades II and III [80]. Recent work by Kai’s team shows that IL-1β 
expressed in glioblastoma and by tumour-associated macrophages 
(TAMs) promotes tumour growth through the STAT-3/Nf-ƘB pathway 
[80]. This suggests that anti-IL-1 β therapy could be considered in the 
treatment of glioblastoma due to this interleukin effect on tumour 
growth [81]. In this context, our results are promising as G721–028 
significantly reduced the effect of IL-1β in glioblastoma spheroids. 

We also observed a significant decrease in IL-6 levels in spheroids 
after treatment with G721–0282. Interestingly, the effect of G721–0282 
was also not proportional to concentration and a strong effect was 
observed at low concentrations. A similar effect of G721–0282 was 
observed on pSTAT-3 expression in U-87 MG cells by Western blotting. 
This relationship of pSTAT-3 expression was not as clear in spheroids 
treated with G721–0282. These results may suggest that G721–0282 
reduces IL-6 expression through inactivation of STAT-3 phosphorylation 
and acts mainly in glioblastoma U-87 MG cells, which are a sensitive 
component of spheroids for this inhibitor due to CHI3L1 expression. In 
the case of IL-6 levels in the supernatants of spheroids treated with 
G721–0282, we didn’t observe any significant changes, probably 
because this interleukin efflux did not occur effectively. This cytokine 
plays an important role in the immunomodulatory process that occurs 
during cancer development. IL-6 plays a critical role in immunosup
pression in glioblastoma by polarising macrophages and orchestrating 

and regulating immunological responses through Jak/STAT-3 activation 
[82], [83]. Higher levels of IL-6 in CSF and serum increase with glioma 
grade. Promising results from in vivo studies by Yang et al. suggest that 
reducing IL-6 levels is an important target for antibody-based immu
notherapy in the treatment of GMB. The therapeutic effect of this ther
apy works by increasing the infiltration of T cells with positive 
expression of CD3, CD4 and CD8, reversing macrophage polarisation 
and improving the survival of tumour-bearing mice [83]. We also 
observed a significant decrease in IL-6 levels in spheroids after treatment 
with G721–0282. Interestingly, the effect of G721–0282 was also not 
proportional to concentration and a strong effect was observed at low 
concentrations. A similar effect of G721–0282 was observed on pSTAT-3 
expression in U-87 MG cells by Western blotting. This relationship of 
pSTAT-3 expression was not as clear in spheroids treated with 
G721–0282. These results may suggest that G721–0282 reduces IL-6 
expression through inactivation of STAT-3 phosphorylation and acts 
mainly in glioblastoma U-87 MG cells, which are a sensitive component 
of spheroids for this inhibitor due to CHI3L1 expression. In the case of 
IL-6 levels in the supernatants of spheroids treated with G721–0282, we 
didn’t observe any significant changes, probably because this inter
leukin efflux did not occur effectively. This cytokine plays an important 
role in the immunomodulatory process that occurs during cancer 
development. IL-6 plays a critical role in immunosuppression in glio
blastoma by polarising macrophages and orchestrating and regulating 
immunological responses through Jak/STAT-3 activation [82], [83]. 
Higher levels of IL-6 in CSF and serum increase with glioma grade. 
Promising results from in vivo studies by Yang et al. suggest that 
reducing IL-6 levels is an important target for antibody-based immu
notherapy in the treatment of GMB [83]. The therapeutic effect of this 
therapy works by increasing the infiltration of T cells with positive 
expression of CD3, CD4 and CD8, reversing macrophage polarisation 
and improving the survival of tumour-bearing mice [83]. 

In fact, the solvent control showed a different effect than the control, 
as DMSO is known to have anti-inflammatory and immunomodulatory 
effects [84], [85]. Therefore, changes in cytokine levels involved in 
inflammation was observed in DMSO-treated spheroids. In this experi
ment we also want to compare the changes caused by DMSO and 
G721–0282 at a concentration of 100 µM. Reduced levels of cytokines 
such as IL-1β, IL-6 or IL-10 in spheroids treated with the highest con
centrations of G721–0282 indicate that this compound acts despite the 
presence of DMSO. A similar effect of G721–0282 was also observed for 
IL-18, where a significantly higher cytokine level was observed 
compared to the solvent control: G721–0282 works despite the presence 
of DMSO. 

Our results are consistent with current knowledge that CHI3L1 
expression is associated with levels of interleukins and factors. Ac
cording to Ahangari et al. an experiment performed in a mouse model of 
asthma showed that higher CHI3L1 levels are associated with higher IL- 
1 β, IL-6, IL-10 and TNF-α expression and in CHI3L1 knockout mice the 
levels of these factors were significantly lower compared to the wild type 
[86]. These relationships between CHI3L1 and factors could also be 
found in our results. 

It is worth considering that interleukins are expressed not only by 
tumour cells but also by macrophages and disturb the balance between 
these factors, which will have a different effect in the spheroid model, 
which is closer to the real tumour, where some compensatory effects in 
the microenvironment may develop. Another important point is that 
interleukins act in a network where balance is important. 

Next, our results show that the IL-10 levels detected in the spheroids 
were reduced with the concentration of G721–028. In Western blot 
analysis, we observed that pSTAT-3 expression in spheroids decreased in 
the same way, which may indicate that this mechanism of G721–0282 in 
IL-10 decrease acts via changes in STAT-3 phosphorylation. The 
expression of pSTAT-3 in U-87 MG cells was also lowest at 6.25 µM. This 
suggests that low concentrations of G721–028 effectively inactivate 
STAT-3 phosphorylation and also affect interleukin expression. IL-10 is 
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known to be a pro-tumour factor in glioblastoma, but the influence of IL- 
10 levels on overall survival of patients with GBM is not clear, although 
there is evidence for its higher expression in GBM IV and III compared to 
grade II [69]. The main pro-tumour effect of this interleukin is described 
as stimulation of proliferation, angiogenesis, migration and invasion. 
IL-10 is also an important factor in immune escape and the main source 
of IL-10 are TAMs and also glioma CD133 + stem cells [69]. Increased 
IL-10 expression and glioma-associated macrophages are associated 
with the invasive phenotype. Mechanistically, IL-10 acts in GBM 
through activation of JAK/STAT-3 [87]. In addition, Zadka and co
workers have shown higher levels of IL-10 receptor expression in pri
mary brain tumours compared to metastases, suggesting a role for 
receptors in glioblastoma progression [88]. 

Our results are consistent with these findings and suggest promising 
anti-tumour effects of G721–0282. Recent studies have shown that 
blocking IL-10Rα is being considered as an effective treatment in breast 
cancer [89]. However, in glioma, the role of IL-10 is still unclear, and 
immunostimulatory and anti-tumour effects on CD4 + and CD8 + T 
cells are also described, as if there were direct effects of this interleukin. 
These phenomena complicate anti-GBM immunotherapy based on IL-10 
treatment [69]. 

Differences between Western blot results in pSTAT-3 expression 
levels between U-87 MG cells and spheroids may be due to the influence 
of the tumour microenvironment in these spheroids composed of 
endothelial and macrophage cells, but pSTAT-3 levels in U-87 MG cells 
directly explain the effect of CHI3L1 inhibition in these cells. Interest
ingly, the level of IL-10 secreted into the medium from spheroid culture 
was inversely related to the level in spheroid lysates, and this effect 
could probably be explained by efflux of this interleukin into the me
dium. The mechanism of G721–0282 in reducing STAT-3 phosphoryla
tion was first described by Park et al. [12] in an in vitro study using the 
human osteosarcoma cell lines MG63 and U2OS, which also express 
CHI3L1. Our study confirms that G721–0282 acts through the pSTAT-3 
pathway and shows this effect for the first time in human glioblastoma 
U-87 MG cells. Furthermore, our results show a significant increase in 
IL-18 expression influenced by G721–0282. This trend was also 
observed at the level of cytokines secreted into the medium. IL-18 has a 
strong proinflammatory and pleiotropic potential and acts mainly by 
throwing induction of IFN- expression by Th1 lymphocytes and NK cells 
in the presence of IL-12 [90]. In vivo experiments conducted on murine 
models of melanoma indicate that administration of IL-18 has 
anti-tumour effects and is promising in reducing tumour metastasis, 
especially in combination with immune checkpoint PD-1 neutralisations 
[90],[91]. Beneficial effects of IL-18 on melanoma tumour regression in 
mice by engineered T cells were presented by Kunert et all. In this paper, 
the authors also point out the non-toxic systemic side effects of this 
treatment [92]. Administration of IL-18 has been investigated in phase I 
clinical trials in patients with melanoma, renal cancer and Hodgkin’s 
lymphoma, showing partial responses with acceptable toxicity [93]. 
However, the role of IL-18 in GBM is still unclear. It is considered a poor 
prognostic factor in GBM, stimulating angiogenesis, regulating VEGF 
expression and increasing metastasis [94]. On the other hand, 
anti-tumour activity has been suggested in a mouse model of glioma 
[95], so this line of research is worth pursuing. 

In our experiments, G7821–028 had similar effects on TNF-α and 
TNF-β, significantly reducing the expression of these factors. TNF-α is 
known to have anti-inflammatory and anti-tumour properties and to 
orchestrate a broad immune response [96], [97]. However, there is also 
strong evidence that TNF-α expression in malignant cells and the tumour 
microenvironment promotes angiogenesis, invasion and TAM polar
isation. Clinical trials with TNF-α antagonists show clinical benefit in 
ovarian and renal cancer [97], [98]. In addition, some studies suggest a 
beneficial role of TNF-α antagonists in in vivo models of breast cancer 
and fibrosarcoma [99], [100]. In this regard, the influence of 
G721–0282 in reducing TNF-α could be considered a promising area for 
further research. 

On the other hand, TNF-β, which has been less studied than TNF-α, is 
an anti-inflammatory factor. In vivo studies in murine glioblastoma 
suggest that blocking TNF-β may be effective in combination treatment 
against tumour invasiveness [101]. In this context, TNF-β agonist ther
apy has been considered as potentially clinically relevant in reducing the 
immunosuppression induced by TAMs [69]. However, clinical trials in 
glioma and glioblastoma patients with TNF-β receptor inhibition have 
shown no benefit [102], [103]. Our results showed a significant 
decrease in TNF-β expression for all concentrations of G721–0282 and 
especially for the lowest concentration of this compound. It is worth 
investigating further whether this result, together with another cytokine 
balance induced by G721–0282, has a positive impact on glioblastoma 
regression. Indeed, the influence of G721–0282 on the expression of 
various factors has not yet been reported by other authors. 

In general, the effect of CHI3L1 inhibition on cytokine balance is 
mediated via decreased levels of the pro-inflammatory IL-1β, Il-6 and 
TNF-α, and also decreased immunosuppressive IL-10 and TNF-β. Only 
IL-18, which is considered a pro-inflammatory cytokine with orches
trated potential to moderate other cytokine and growth factor levels, is 
increased after G721–0282 treatment. This result suggests a specific and 
complementary effect of G721–028 in our in vitro model of glioblastoma 
with CHI3L1 expression. Involvement of CHI3L1 in GBM immunomo
dulation and support of M2 macrophage infiltration has also been re
ported by Chen et al. in an in vitro and in vivo mouse model of 
glioblastoma via activation of the PI3K/Akt/mTOR axis; CHI3L1 ap
pears to play a critical role in the immune escape of GBM [104]. 

Our team’s experiments were performed using a spheroid model 
composed of three cell types found in brain tumours: glioblastoma cells, 
microvascular cells and macrophages. Glioblastoma tumours are rich in 
vessels due to the high vasculogenic activity of the tumour microenvi
ronment, and macrophage infiltration occurs up to 40% of tumour mass 
and is involved in the cross-talk between immune response and angio
genesis. It is currently believed that spheroids are generally more 
physiological models of tumours than traditional monolayer culture; the 
multiculture spheroid model better reflects the microenvironment of 
solid tumours. Several spheroid models of glioblastoma have been 
described in the literature [105], [106]. Recently, a vascularised 
tumouroid model of GMB composed of glioblastoma cells, HUVEC 
(human umbilical microvessel cell line) and dermal fibroblast cells used 
in angiogenesis studies was described by Tatla [107]. In our spheroid 
design, we chose to include glioblastoma cells, macrophages and 
vascular endothelium, which we believe may better reflect the complex 
interactions that occur in glioma tumours compared to a model limited 
to U-87 MG cells, and the response to CHI3L1 inhibitor in the presence of 
a microenvironment more closely resembles the in vivo model. It is well 
documented that cross-talk between tumour cells and the microenvi
ronment is involved in the response to anti-tumour therapy and should 
be considered in the design of targeted therapies. In addition, TEM mi
crographs revealed cell interactions and connections, confirming that 
the functions of the spheroids are similar to those of glioblastoma tu
mours. The spheroid model used in this study consists of macrophages 
derived from THP-1 monocytes and they are not identical to microglia, 
however, positive immunohistochemical reactions for antigens charac
teristic of GBM were observed in the spheroids for GFP, IBA1, CD31 and 
also for CD133. These results indicate the relevance of using this type of 
spheroids as an in vitro model of GBM. To date, none of the CHI3L1 
inhibitors have been tested in the glioblastoma spheroid model, which 
could be seen as a step between cell culture research and the in vivo 
model of human glioblastoma. 

In addition, our theoretical in silico modelling showed that 
G721–0282 can penetrate the blood-brain barrier. It is promising due to 
the fact that one of the challenges in GBM treatment is BBB exclusive 
generate problem with drug delivery [1]. However, the pharmacoki
netics of this compound is not known and should be established in future 
research. Currently in publications are presented interactions of CHI3L1 
and G721–0281 only in model docking [12], however, calculation of 
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BBB permeation when this compound we present for the first time. 
The ddPCR assay showed that G721–0282 caused a concentration- 

dependent decrease in CHI3L1 mRNA expression and an increase in 
VEGF-A mRNA expression in U-87 MG cells. This effect could be 
explained by a compensatory role of VEGF-A and CHI3L1 due to their 
both pro-angiogenic roles. Similar observations were presented by 
Francescone and co-workers, where the authors showed that blocking 
VEGF for one week in U-87 MG and SNB75 glioma cells stimulated 
CHI3L1 expression at protein and mRNA levels, and also that VEGF 
doesn’t have the potential to regulate CHI3L1 expression, but that 
CHI3L1 regulates VEGF [7]. The results obtained by Francescone’s team 
were obtained using anti-VEGF antibodies. Our results showed the po
tential of G721–0282 for a biological effect comparable to specific an
tibodies. Interestingly, in spheroids the effect of CHI3L1 was reversed, 
leading to an increase in CHI3L1 mRNA and also an increase in VEGF-A 
mRNA at the highest concentration of inhibitor. This may be explained 
by compensation of the CHI3L1 inhibition and also indicates that 
G721–0282 leads to a decrease in the most important pro-angiogenic 
factor: VEGF-A. Furthermore, the increased expression of CHI3L1 pro
teins in U-87 MG cells treated with the highest concentrations of 
G721–0282 suggests a compensatory mechanism of CHI3L1 over
expression after loss of this protein activity, confirming the occurrence 
of specific inhibition. These results are important in view of the 
pro-angiogenic switch and resistance to anti-angiogenic therapy 
observed in the treatment of GBM patients [7]. However, the future 
perspective is to investigate the combined effect of both CHI3L1 and 
VEGF-A inhibition. Furthermore, in our experiments we observed that 
G721–0282 increased the expression of VEGF-A mRNA in U-87 MG cells, 
whereas VEGF-A protein was not detectable. It should be noted that 
U-87 MG cells were not cultured under hypoxic conditions, so proteins 
characteristic of this condition, such as VEGF-A or HIF-1α, could not be 
detected at the protein level. In spheroids, VEGF-A was detectable as a 
protein, because in this model hypoxia could be present inside the 
spheroids. 

It is also interesting that the change in VEGF-C mRNA was reversed 
after G721–0282 treatment in U-87 MG cells. This may be relevant in 
partially angiogenic and lymphangiogenic diseases. However, VEGF-D 
mRNA levels appear to be insensitive to CHI3L1 inhibition in both cell 
and spheroid models. To our knowledge, the effect of CHI3L1 inhibition 
on VEGF-C and VEGF-D mRNA levels has not been investigated. Analysis 
of protein levels by Western blotting showed increased VEGF-D 
expression in U-87 MG cells treated with G721–0282. In spheroids, a 
variable effect of VEGF-A and VEGF-D was observed, but VEGF-C was 
not detectable. It is likely that this effect is more pronounced in hypoxic 
culture conditions, which induce VEGFs more efficiently. On the other 
hand, in GBM tumours, the expression of VEGFs is variable during 
tumour development and different in tumours of some types, which we 
also present in Western blotting performer on human tissue samples. 
Mechanistically, inhibition of CHI3L1 by G721–0282 resulted in 
increased STAT-3 phosphorylation in U-87 MG cells and also in spher
oids, but in a different manner. Altered activation of this pathway may 
be involved in all biological effects of CHI3L1 inhibition. In our study, 
we observed that G721–0282 decreased CHI3L1 mRNA expression and 
also increased CHI3L1 protein expression in U-87 MG cells. This could 
be the exact effect of specific CHI3L1 inhibition. The presence of the 
protein may be highest after the addition of the inhibitor because 
compensatory mechanisms occur in the cells that provide the highest 
protein levels of CHI3L1. In general, inhibition leads to the deactivation 
of the protein rather than a reduction in its levels. Decreased levels of 
CHI3L1 mRNA indicate an inhibitory effect of G721–0282, but changes 
in protein expression show a second line of this effect, which could be 
explained by the cells’ response to CHI3L1 deactivation. 

The results obtained by our team showed inhibition of tube forma
tion by HMEC-1 in the presence of recombinant CHI3L1 protein and 
G721–0282, clearly demonstrating the anti-angiogenic effect of this 
compound. This is the first time that this CHI3L1 inhibitor has been 

investigated for its reported anti-angiogenic properties. In addition, the 
inhibition of tube-like structures known as vascular mimicry, which 
occurs in various tumour types by G721–0282, was also observed for the 
first time in U-87 MG cells. However, the direct effect of the recombinant 
protein and inhibitor interactions could be modified by the natural 
presence of CHI3L1 expression in U-87 MG cells. Our results show that 
the endogenous expression level of CHI3L1 in U-78 MG cells and the 
addition of this recombinant protein at 2.4 µg/ml attenuated the effect 
of G721–0282. 

In addition, our team also showed inhibition of migration of U-87 
MG cells in the scratch assay, which may play a role in the formation of 
tube-like structures. A similar effect of G721–0282 as a cell migration 
inhibitor was observed by Park et al. in MG-63 and U2OS osteosarcoma 
cells [12]. CHI3L1 is well known as a protein that generally plays a 
stimulatory role in the angiogenesis process, cell migration and also 
immune modulations that occur in the cancer process. This protein has a 
broad influence on tumour development and metastasis and therefore 
inhibition of CHI3L1 may be of potential importance in the development 
of new targeted therapies and strategies. In glioblastoma, poor prognosis 
is correlated with high expression of VEGF and CHI3L1 [7]. Previous 
studies have also shown that CHI3L1 inhibition sensitises glioma cells to 
radiation [7]. Our research suggests that CHI3L1 inhibition with 
G721–0282 has a broad spectrum of biological effects, including 
anti-angiogenesis inhibition, cytokine anti-tumour stimulation and 
cytoskeletal modulation. Taken together, we conclude that G721–0282 
acts as a CHI3L1 inhibitor with potential as a promising agent in the 
combined treatment of targeted anti-GBM therapy. These studies are an 
introduction to further research that we intend to conduct on an in vivo 
model of human glioblastoma to more fully evaluate the clinical utility 
of anti-cancer therapy involving G721–0282. Any chance of progress in 
GBM therapy is still valuable and worth exploring and in this work we 
would like to suggest new additional and possible avenues for further 
research with potential clinical relevance. 

5. Limitation of the study 

According to Allen et al., the glioblastoma-like U-87 MG cell is 
considered to be different from the original human-derived cell line 
established in 1968 and deposited at the ATCC by J. Ponten [108], but it 
is still a GBM-derived and well-known cell line model that has been 
widely used to date. It is also one of the few cell lines, apart from MG-63 
and U2OS, that express CHI3L1 and could therefore be used as a model 
to study the inhibition of this protein. 
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