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ORIGINAL RESEARCH

Biglycan as a mediator of proinflammatory response and target for MDS and sAML 
therapy
Christoforos K. Vaxevanis a, Marcus Bauerb, Karthikeyan Subbarayana, Michael Friedricha, Chiara Massaa, 
Katharina Biehla, Haifa Kathrin Al-Alic, Claudia Wickenhauserb, and Barbara Seliger a,d,e

aMedical Faculty, Martin Luther University Halle-Wittenberg, Halle (Saale) 06112, Germany; bInstitute of Pathology, Martin Luther University 
Halle-Wittenberg, Halle (Saale) 06112, Germany; cKrukenberg Cancer Center Halle, University Hospital Halle, Krukenberg-Krebszentrum, Halle (Saale) 
06120, Germany; dDepartment of Good Manufacturing Practice (GMP) Development & Advanced Therapy Medicinal Products (ATMP) Design, 
Fraunhofer Institute for Cell Therapy and Immunology (IZI), Leipzig 04103, Germany; eMedical School Theodor Fontane, Institute of Translational 
Medicine, Brandenburg an der Havel 14770, Germany

ABSTRACT
Myelodysplastic syndromes (MDS) and their progression to secondary acute myeloid leukemia (sAML) are 
associated with an altered protein expression including extracellular matrix (ECM) components thereby 
promoting an inflammatory environment. Since the role of the proteoglycan biglycan (BGN) as an 
inflammatory mediator has not yet been investigated in both diseases and might play a role in disease 
progression, its expression and/or function was determined in cell lines and bone marrow biopsies (BMBs) 
of MDS and sAML patients and subpopulations of MDS stem cells by Western blot and immunohisto-
chemistry. The bone marrow (BM) microenvironment was analyzed by multispectral imaging, patients’ 
survival by Cox regression. ROC curves were assessed for diagnostic value of BGN. All cell lines showed 
a strong BGN surface expression in contrast to only marginal expression levels in mononuclear cells and 
CD34+ cells from healthy donors. In the MDS-L cell line, CD34−CD33+ and CD34+CD33+ blast subpopula-
tions exhibited a differential BGN surface detection. Increased BGN mediated inflammasome activity of 
CD34−CD33+TLR4+ cells was observed, which was inhibited by direct targeting of BGN or NLRP3. BGN was 
heterogeneously expressed in BMBs of MDS and sAML, but was not detected in control biopsies. BGN 
expression in BMBs positively correlated with MUM1+ and CD8+, but negatively with CD33+TLR4+ cell 
infiltration and was accompanied by a decreased progression-free survival of MDS patients. BGN- 
mediated inflammasome activation appears to be a crucial mechanism in MDS pathogenesis implicating 
its use as suitable biomarker and potential therapeutic target.

Abbreviations: Ab, antibody; alloSCT, allogenic stem cell transplant; AML, acute myeloid leukemia; BGN, 
biglycan; BM, bone marrow; BMB, bone marrow biopsy; casp1, caspase 1; CTLA-4, cytotoxic T lymphocyte- 
associated protein 4; DAMP, danger-associated molecular pattern; ECM, extracellular matrix; FCS, fetal calf 
serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HD, healthy donor; HSPC, hematopoietic stem 
and progenitor cell; HSC, hematopoietic stem cell; IFN, interferon; IHC, immunohistochemistry; IL, interleukin; 
MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; MSI, multispectral imaging; NGS, next- 
generation sequencing; NLRP3, NLR family pyrin domain containing 3; OS, overall survival; PBMC, peripheral 
blood mononuclear cell; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1, PFS, 
progression-free survival; PRR, pattern recognition receptor; SC, stem cell; SLRP, small leucine-rich proteogly-
can; TGF, transforming growth factor; TIRAP, toll/interleukin 1 receptor domain-containing adapter protein; 
TLR, toll-like receptor; Treg, regulatory T cell.

ARTICLE HISTORY 
Received 15 July 2022  
Revised 23 November 2022  
Accepted 24 November 2022 

KEYWORDS 
AML; MDS; extracellular 
matrix; biglycan; 
inflammasome

Introduction

Myelodysplastic syndromes (MDS) comprise heterogeneous 
myeloid stem/progenitor cell neoplasms characterized by 
bone marrow (BM) failure, inflammatory deregulation1 and 
increased risk of blast accumulation and progression to sec-
ondary acute myeloid leukemia (sAML).2 MDS exert a high 
clinical diversity ranging from an indolent disease to the devel-
opment of sAML in approximately 30% of MDS patients, 
which underlines the demand for appropriate risk stratification 
at diagnosis and during the disease course.

In myeloid neoplasms, the dynamic interactions between 
leukemic cells and the BM micromilieu including extracellular 

matrix (ECM) and stromal cells are frequently overlooked 
although this interplay plays a critical role in the development 
of MDS, its progression to sAML as well as in its drug response 
and resistance development. In cancer, including leukemia, the 
ECM consisting of a complex interconnected network of 
matrix and matrix-associated proteins becomes highly deregu-
lated and can exert both pro- and anti-tumorigenic functions 
leading to the control of the innate immune response by 
affecting the inflammasome activity.3–5

Biglycan (BGN), a member of the small leucine rich pro-
teoglycan (SLRP) family, is a key component of the ECM and is 
physiologically expressed in different tissues.6 It is involved in 
cell growth, adhesion, bone mineralization, migration, 
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differentiation and cell signaling.7 Furthermore, BGN can 
interact with the toll-like receptor (TLR)2 and TLR4 on 
immune cells, which generates a proinflammatory response 
by inducing the NLRP3 inflammasome, the activation of cas-
pase-1 (casp1) and the release of various cytokines and 
chemokines.8–11 An altered BGN expression has been reported 
in different diseases including multiple types of solid 
cancers.5,10,12 In some cancers, BGN overexpression is asso-
ciated with an aggressive growth, metastasis formation and 
poor patients’ prognosis, while in others it exerts tumor sup-
pressive effects accompanied by a prolonged survival and bet-
ter prognosis.13,14 These data suggest tumor type-dependent 
role of BGN with diagnostic, prognostic and therapeutic 
relevance.11,15–17

So far, little information is available regarding ECM altera-
tions in hematopoietic malignancies, despite the ECM provides 
a mechanical scaffold and serves as source of growth factors 
and cytokines,3 which be associated with a pro-inflammatory 
signaling and an altered tumor microenvironment (TME).18–20 

Although a differential expression of proteoglycan family 
members including BGN have been demonstrated in hemato-
poietic malignancies compared to healthy controls,21–23 the 
role of BGN expression in relation to molecular features, innate 
immune activation and pro-inflammatory signaling in MDS 
and/or sAML has not yet been analyzed. The present study 
determined the expression and clinical significance of BGN in 
MDS and sAML and its link to the aberrant immune cell 
composition of the TME. These results may provide a novel 
perspective for the development of BGN as a therapeutic target 
for MDS and/or sAML thereby improving the patients’ 
outcomes.

Materials and methods

Cell lines and cell culture

The AML cell lines HL-60, THP-1, KG-1 and Mono-mac6 
(MM6) were purchased from American Type Culture 
Collection. The MDS-L cell line was kindly provided by 
Dr. K. Tokyama (Kawaski Medical School, Kurashiki, Japan). 
The MPN cell lines HEL, SET-2 and the sAML cell line 
MOLM-13 were kindly provided by Prof. M. Haemmerle. 
With the exception of MDS-L cultured in RPMI supplemented 
with 20% FCS, 10 mM glutamine, antibiotics and 10 ng/mL 
human recombinant interleukin (IL)-3 (PeproTech, Hamburg, 
Germany), all other cell lines were cultured in RPMI supple-
mented with 10% fetal calf serum (FCS), 10 mM glutamine and 
antibiotics.

Isolation of peripheral blood mononuclear cells, magnetic 
separation and culture

Peripheral blood mononuclear cells (PBMCs) from five 
healthy donors (HD) were isolated from total blood through 
gradient centrifugation with lymphocyte separation media 
(anprotec, Bruckberg, Germany). Cells were washed with 
cold sorting buffer and either used for flow cytometry or 
for magnetic separation of CD34+ cells. The CD34+ cells 
were isolated using CD34 magnetic microbeads (Miltenyi, 

Bergisch-Gladbach, Germany). Circulating hematopoietic 
stem cells (HSC) and bone marrow hematopoietic cells 
were cultured in X–Vivo15 medium (Lonza Bioscience, 
Basel, Switzerland) supplemented with 10 ng/mL IL-3, 
40 ng/mL thyroid peroxidase, 100 ng/mL stem cell factor 
and 100 ng/mL fms-like tyrosine kinase 3 (Flt3; Peprotech).

Flow cytometry and cell sorting

For characterization of different subpopulations, MDS-L cells 
were stained in PBS with the Zombie AquaTM Fixable Viability 
Kit (Biolegend, San Diego, USA) for 20 minutes at room 
temperature and then incubated with a 9-color antibody (Ab) 
panel for 30 minutes at 2°C. Flow-cytometric evaluation was 
performed on a BD LSR Fortessa (Becton Dickinson, 
Heidelberg, Germany), cell sorting on a BD Aria Fusion 
(BD). BGN surface expression was assessed by staining with 
a polyclonal rabbit anti-BGN Ab (Novus Biologicals, Littleton, 
USA) on ice for 30 minutes followed by incubation with an 
anti-rabbit Cy5 AffiniPure Fab2 (Jackson Immunoresearch, 
Cambridgeshire, USA) as secondary Ab for 20 minutes on ice.

Immunofluorescence

MDS-L cells were stained with a conjugated PE-Dazzle anti- 
CD34 Ab and the polyclonal anti-BGN Ab using an anti-rabbit 
IgG Fab2 Alexa Fluor® 488 (Cell Signaling Technology, 
Danvers, USA) as secondary Ab. Stained cells were analyzed 
on a fluorescence microscope (Evos Floid imaging system, 
Thermo Fisher Scientific, Waltham, USA). Composite images 
were created using the overlay feature of the Evos Floid ima-
ging system.

Patient samples and ethics approval

BM biopsies (BMB) from healthy donors (HD), MDS and 
sAML patients were collected as a part of the routine diagnostic 
approach in the period from 2015 to 2021 at the Institute of 
Pathology of the Martin-Luther University Halle-Wittenberg, 
Halle, Germany. The study was approved by the Ethical 
Committee of the Medical Faculty in Halle, Germany (2017– 
81). Clinical data from these patients were available. BM aspi-
rates of three sAML patients analyzed were available as part of 
the AML study approved by the Ethical Committee of the 
Medical Faculty in Halle, Germany (2014–75).

Immunohistochemistry and multispectral imaging

3 µm thick formalin-fixed and paraffin embedded tissues were 
subjected to immunohistochemistry (IHC) with the Bond 
Polymer refine detection Kit (Leica, DS9800) according to the 
manufacturer’s instructions on a fully automated immunohis-
tochemistry stainer (Leica Bond) using the antibodies in 
Supplementary Table 3.

Multispectral imaging (MSI) was performed as recently 
described24 employing two established MSI Ab panels pre-
sented in Supplementary Table 2.

Live patient cells were resuspended and immobilized in 
Epredia™ Richard-Allan Scientific™ HistoGel™ (Thermo Fisher 
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Scientific) according to the manufacturers’ instructions. The 
immobilized cells were then mounted onto a histoblock and 
then subjected to the MSI protocol.

Mutation analysis of bone marrow samples of MDS 
patients

Targeted mutation analyses were conducted using Next- 
Generation Sequencing (NGS; Ion GeneStudio S5 prime, 
Thermo Fisher Scientific) as recently described.25

Western blot analysis and subcellular fractionation

For the quantification of BGN as well as of inflammasome- 
related molecules.10 to 25 μg total protein were subjected to 
Western blot analysis as described26 using Abs listed in 
Supplementary Table 3.

BGN localization was determined upon subcellular fractio-
nating into cytoplasmic, membrane and nuclear proteins using 
a fractionation kit (Cell Signaling) according to the manufac-
turer’s protocol. The nuclear cell fraction served as a loading 
control, while 1 μg of recombinant human BGN in RPMI 1640 
(Sigma Aldrich, St. Louis, USA) served as a positive control.

Caspase 1 (Casp 1) inflammasome assay

4 x 104 sorted cell subpopulations (SC1, SC2, TLR4) were 
seeded into a 96-well plate and incubated for 4 h in MDS-L 

culture medium alone or supplemented with recombinant 
BGN (1 μg/mL) with or without further addition of TGF-β 
(1 μg/mL, Biolegend), IFN-γ (2000 U/mL), IFN-α (2000 U/ 
mL), IL-1Ra (100 ng/mL, Sigma Aldrich) or the TIRAP inhi-
bitor (1 μg/mL). Moreover, TLR4+ cells were co-cultured for 
4 h with MDS-L-SC2 cells in the absence or presence of rabbit 
anti-BGN Ab (220 ng/mL, Proteintech) for 1 h at 37°C. MDS-L 
cells were treated with the NF-kB inhibitor SN50 (100 ng/mL, 
Merck, Darmstadt, Germany) or with the glyburide intermedi-
ate 16673–34-0 (1.5 mM). Casp1-specific activation was 
detected using the Caspase-Glo® 1 Inflammasome Assay 
(Promega) according to the manufacturer’s instructions. 
Luminescence was measured in a Costar white 96-well plate 
using the Tecan Infinite 200 Pro plate reader device (Tecan, 
Maennedorf, Switzerland).

Cytokine secretion

The cytokine concentrations in the cell supernatants were 
determined by the LEGENDplex™ Human-Inflammation- 
Panel-1 kit (Biolegend) using a BD Fortessa flow cytometer 
according to manufacturer’s instructions.

Statistical analysis

Paired and unpaired t-tests (two-tailed) as well as log Rank 
survival analyses were conducted with the GraphPad Prism 
9.0.0 software. Hierarchical clustering, ROC curves and the 
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Figure 1. Expression and localization of BGN in AML/MDS cell lines. (a) Western blot analysis was performed as described in Materials and Methods using an anti-BGN- 
specific Ab. Staining with an anti-GAPDH Ab served as loading control. A differential BGN expression was found in the 4 AML (HL-60, THP-1, KG-1, MM6), 2 MPN (HEL, 
SET) one MDS (MDS-L) and one sAML (MOLM13) cell lines. (b) Dot plots revealing the surface expression of BGN in the 8 cell lines as well as PBMCs of four healthy 
donors. (c) Spatial distribution of BGN in the MDS-L cell line after cell fractionation. Three fractions are investigated (cytoplasmic fraction CyF, surface fraction SuF, 
nuclear fraction and cytoskeleton NuF) along with a whole cell lysate as a control. Successful separation of fractions was determined using an anti-GAPDH Ab and an 
anti-H3 histone Ab for the CyF and NuF fractions, respectively. (d) Comparison of the surface expression of BGN (green) and TLR4 (Orange) on the 8 cell lines. The cells 
were stained in separate samples for both BGN and TLR4 as described in Materials and Methods and their expression was compared afterward.
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Cox regression survival analysis the IBM SPSS 24 software was 
employed. Differences were considered significant for 
values p < .05.

Results

BGN expression in MDS/AML/MPN cell lines

The basal mRNA and protein expression of BGN was investi-
gated in five AML/MDS/MPN cell lines using qPCR and 
Western blot analysis demonstrating a heterogeneous BGN 
transcript (data not shown) and protein expression pattern 
with the highest expression levels in the cell lines HL-60, KG- 
1 and HEL (Figure 1a), while MDS-L and SET-2 showed 
a slightly lower BGN expression. Furthermore, BGN was 
detected on the cell surface of all cell lines, but not on 
PBMCs from HDs (Figure 1b). Subcellular fractionation 
demonstrated a complete lack of BGN in the cytoplasmic and 
nuclear fraction, whereas BGN was found on the surface mem-
brane, in the organelle fraction and whole-cell lysate of MDS-L 
cells (Figure 1c). Despite low total BGN protein levels, >90% of 
THP-1 cells expressed BGN on their surface, possibly due to 
sBGN bound to its receptor TLR4. Indeed, a strong correlation 
between BGN and TLR4 expression could be found in all cell 
lines (Figure 1d). Analysis of different subpopulations revealed 
that BGN expression did neither correlate to CD34 nor to 

CD33 expression in AML cell lines (Supplementary Figure 1), 
while CD33+CD34− (named CD33SP) and CD33+CD34+ 

(named CD34+) MDS-L subpopulations exhibit high and low 
BGN surface levels, respectively (Figure 2a).

Distinct BGN expression in MDS stem cell subpopulations

Since different MDS-related stem cell (SC) subpopulations 
have been documented,27,28 BGN expression was analyzed in 
the CD33SP and CD34+ SC subpopulations of the MDS-L cell 
line (Supplementary Figure 2). For some experiments, CD33SP 

cells were further selected for TLR4 expression, while CD34+ 

SC were subdivided into two subpopulations, SC1 and SC2, 
based on the expression of CD123 and IL1RAcP, respectively. 
The SC1 and even more the SC2 cells were the main BGN 
producers, while the CD33SP cells only expressed marginal 
BGN (Figure 2b) and its TLR4+ subfraction secreted only low 
sBGN amounts (Figure 2c). Compared to the SC1 and TLR4+ 

subpopulation, SC2 cells secreted a 2-fold higher BGN concen-
tration determined by densitometric analysis (Figure 2c). In 
contrast, the sorted circulating CD34+ cells from an HD totally 
lacked BGN expression (Figure 2d). In order to facilitate the 
possible connection of MDS-SC with BGN, bone marrow aspi-
rates from three patients with progressed MDS were analyzed 
(P39, P54, P56, Supplementary Table 1a). At a first glance, the 
patients were found to have differential distinct BM 

a b
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Figure 2. Distinct distribution of BGN in MDS-L subpopulations. (a) Fluorescence microscope picture demonstrating the differential distribution of BGN on the MDS-L 
cells. The MDS-L cells were stained according to protocol and a possible co-localization of their signal was investigated. Cells with strong green fluorescence (BGN+) do 
not express CD34 (red), while cells expressing lower amounts of BGN on their surface appear to be CD34+ (Orange color due to co-localization). (b) BGN expression in 
sorted subpopulations of the MDS-L cell line made in duplicate. Differential expression can be observed between the Stem Cell 1 fraction (SC1), Stem Cell 2 fraction 
(SC2) and the total CD33SP subpopulation. Both the non-glycosylated (bottom) and glycosylated (top) form of BGN can be detected in the sorted subpopulations, in 
different amounts (n = 2). (c) Identification of BGN in the supernatants of the MDS-L subpopulations of interest (SC1, SC2, TLR4) after overnight culture. The total 
supernatants were diluted with an SDS buffer and directly loaded on an acrylamide gel after heating. Human recombinant BGN in cell medium is used as a positive 
control, while 5 μL of the NuF of total MDS-L cells was used as a spike-in loading control as demonstrated by the H3 histone band below (n = 1). The relative lane density 
is presented for the 3 different subpopulations after calculation of the ratio of BGN to the H3 histone signal (loading spike-in control). (d) Representative surface and 
total BGN expression in circulating CD34+ cells of a healthy blood donor as determined by flow cytometry and Western blotting respectively. For total BGN expression, 
SC1 and SC2 (left) were used as positive controls for BGN, while β-actin was used as a loading control.
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infiltration, with P39 and P54 the SC1 and SC2 subpopulations, 
respectively, while for patient P56 almost all CD34+ cells were 
negative for CD123 and IL1RacP (Figure 3a). These differences 
were also reflected by the frequency of TLR4+ cells in the 
aspirate, with the lowest levels in the patient P54. BGN staining 
also revealed the same correlation between BGN detection and 
TLR4 levels for 2/3 patients, with the exception of patient P54. 
Furthermore, the total BGN levels were investigated in the 
CD34+ and CD34− fractions of the patients’ aspirate. Despite 
the CD34− fractions from all 3 patients showed no differences 
in BGN expression, CD34+ sub-population analysis revealed 
increased BGN levels in the SC2 rich cells of P54 (Figure 3b), 
while P56 also showed intermediate BGN expression levels. 
These data were validated by MSI analysis of the total BM 
aspirates showing higher levels of CD34+BGN+ cells in the 
aspirates of P54 and P56, while the levels of CD33+BGN+ and 
CD34−CD33−BGN+ were consistent for all three patients 
(Figure 3c). Interestingly, more CD33+NLRP3+ cells were 
found in the BM aspirate from P56, but only decreased 
CD33+TLR4+ cell levels were found in P54 compared to the 
other patients.

BGN-mediated inflammasome activation in 
MDS-L subpopulations

Since soluble BGN could act as a DAMP leading to inflam-
mation by binding to TLR4 and the P2x7 purinergic 
receptor,8,9,29 the effect of BGN on the inflammasome activa-
tion in the MDS-L SC1, SC2 and TLR4+ subpopulations either 
left untreated or treated with recombinant human BGN was 
determined. Only in TLR4+ cells, BGN treatment resulted in 
a significant increase of casp1 activity (Figure 4a), which was 
accompanied by a high condensation of organelles coupled 
with a swelling of the cytoplasmic membrane indicating pyr-
optotic cell death (Figure 4b). Due to the lack of TLR4 expres-
sion, both untreated and BGN-treated SC1 and SC2 
subpopulations secreted no or marginal levels of inflamma-
tion-related cytokines, whereas BGN-treated TLR4+ cells 
showed a significant increase in IL-1 and IL-8 and 
a statistically non-significant increase in IL-18 (p = .0871) 
(Figure 4c; Supplementary Figure 3). In contrast, IFN-α2, 
IL-33 and the proinflammatory MCP-1 and IL-23 were con-
stitutively expressed in TLR4+ cells, which was not signifi-
cantly affected by BGN treatment.

Figure 3. Identification of BGN expressing MDS subpopulations in BM aspirates of sAML patients. (a) Flow cytometry analysis using 9 color ab panel as well as single 
staining with an anti-BGN ab for detection of the different MDS subpopulations and BGN surface expression. The distribution of CD34+ MDS-SC subpopulations of the 
sAML patients were identified using the CD123 and IL1RAcP markers (top) and total TLR4+ cells were calculated (middle), while surface BGN expression on the total cell 
population was additionally analyzed (bottom). (b) Densitometry analysis after Western blot of the total protein lysates of the three sAML patients (20 μg protein) from 
the CD34+ fraction (left) and the CD34− fraction (right) of the BM aspirates was loaded after magnetic separation of the cells and investigated for BGN expression (n = 1) 
as described in Materials and Methods. β-actin was used as a loading control. The relative band densities (BGN/ β-actin) are presented in the graph. (c) Quantification of 
inflammasome related molecules on fixed cell blocks from the BM aspirates of the three sAML patients. Five subpopulations of interest were investigated (CD34+BGN+, 
CD33+BGN+, CD34−CD33−BGN+, CD33+NLRP3+, CD33+TLR4+). The observed percentages were shown along with their SD, which derived from the quantification of 
these populations on 3 different cuts of the histoblock for each patient (n = 3, technical replicates/patient).
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Inflammasome inhibition through direct targeting of BGN 
and NLRP3

In order to evaluate the pathways involved in the BGN- 
mediated inflammasome activation, TLR4+ cells were treated 
with IFN-γ, TGF-β1 or the toll/interleukin 1 receptor domain- 
containing adapter protein (TIRAP) inhibitor. The suggested 
interactions within this pathway are shown in Supplementary 
Figure 4. IFN-γ treatment significantly inhibited inflamma-
some activation and downregulated the purinergic receptor 
(Figure 5a, b), while TGF-β1 treatment caused a decrease in 
NLRP3 and P2x7 expression (Figure 5b). TGF-β1 treatment 
slightly increased the lin+ (CD34−CD33+lineage+) and 
decreased the TLR4+ and CD34+ subpopulations leading to 
a higher ratio of SC1 to SC2 cells (Figure 5c). In contrast, 
IFN-γ did not affect any of the subpopulations with the excep-
tion of an increase in TLR4+ cells (Figure 5c).

Since the casp1 activation assay showed a BGN-mediated 
inflammasome activation, the biological relevance of MDS- 
derived BGN was investigated. The supernatant of the BGN- 
secreting SC2 subpopulation served as a source of BGN for 
stimulation of TLR4+ cells leading to a significantly increased 
casp1 activity in TLR4+ cells, which could be blocked by treat-
ment with polyclonal anti-BGN Ab prior to co-culture with 

TLR4+ cells suggesting a direct involvement of BGN in the 
inflammasome activation. Treatment for 4 days with an anti- 
BGN Ab or the NLRP3 inhibitor 16673–34-0 decreased the 
number of CD34+ cells with a consequent increase in CD33SP 

cells followed by a lower, but still substantial increase in TLR4+ 

and lin+ subpopulations (Figure 5d, e). In addition, no/mar-
ginal changes were observed after treatment with the NF-kB 
inhibitor SN50 alone, whereas a combined treatment with both 
inhibitors had additive or synergistic effects.

Differential expression of BGN in bone marrow biopsies 
(BMBs) of patients with MDS/sAML

IHC analyses of BMBs from 49 HD, 59 MDS patients and 48 
sAML patients with known clinicopathological characteristics 
(Supplementary Table 1b; Figure 6a) demonstrated 
a differential BGN expression pattern with H-scores ranging 
between 0 and 120 (Figure 5b). BMBs from HD had a very low 
BGN expression (median H-score: 6.5) compared to the MDS 
(median H-score = 20 95% CI 10–30, maximum H-score: 80) 
and sAML (median H-score = 20 95% CI 15–30, maximum 
H-score 120) BMBs expressed significantly higher BGN levels 
(Figure 5bi). As a result, the upper threshold of the 95% CI of 
the median (BGN h score = 30) was used to stratify the patient 

Figure 4. Altered casp1 activity and cytokine secretion pattern in MDS-L subpopulations. (a) Bar chart demonstrating casp1 activity after 4 h stimulation of the three 
subpopulations of interest (SC1, SC2, TLR4) with BGN. Casp1 activity was measured after harvesting in a luminometer. Unstimulated cells for each of the MDS-L 
subpopulations are depicted with green color and a minus sign (-), while cells stimulated with BGN with red and a plus (+) sign. The mean luminescence is represented 
with the colored bands, while the standard deviation was plotted using the black error bars adjustment to its respective mean value (whiskers). T-tests were conducted 
to determine statistical significance using the average of two measurements (technical replicates) in three (n = 3) independent experiments. P values <0,5 were 
considered significant. (b) Fluorescence microscope image of the TLR4 subpopulation of the MDS-L cell line after stimulation with BGN. The cells demonstrate 
cytoplasmic swelling, previously associated with inflammasome activation. TLR4 cells were additionally stained with CFSE to increase the visibility of the effect. (c) 
Cytokine secretion in the supernatant of the 3 subpopulations of interest before and after 4 h stimulation with BGN. The inflammatory cytokine profile of the 3 
subpopulations was assessed using a multiplexed cytokine assay with flow cytometry. The inflammasome related cytokines IL-1β, IL-18 and IL-33 are investigated, along 
with IFN-α. The concentration of the cytokines is shown in pg/mL (y axis). The average concentration is represented with gray scale bands, while the standard deviation 
reported by the Whiskers. T- tests were conducted to determine statistical significance using the average of two measurements (technical replicates) in three (n = 3) 
independent experiments.
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samples in BGNlow/BGNhigh. In addition, BGN expression was 
not limited in MDS to blast cells, since no correlation between 
the frequencies of BGN+ cells to the blast cell count in the 
BMBs existed (Figure 6bii).

ROC curves demonstrated a high sensitivity and specificity 
for BGN in the discrimination between HD and MDS/sAML 
samples with a recorded AUC = 0,989 (CI 95%, Figure 6biii). 
A heterogeneous NLRP3 expression was found in BMBs of 
MDS and sAML patients (Supplementary Figure 5a), which 
correlated with BGN expression in BMBs from sAML, but not 
from MDS patients (Figure 6c, Supplementary Figure 5b).

Effects of BGN in the BM microenvironment and on the 
progression-free survival of MDS patients

To get insights into the impact of BGN expression on the 
composition of the BM microenvironment, MSI was per-
formed using an Ab panel focusing on the CD34 and CD33 
subpopulations and on selected components of the inflamma-
some pathway (Figure 7a). The mean fluorescence intensity 
(MFI) of BGN in CD34+ cells positively correlated with the 
MFI of NLRP3 in the CD33SP cells was found in the BMBs of 

the MDS patient cohort (Figure 7b), while BGNlow samples 
showed a significantly increased ratio of CD33SPTLR4+/ 
CD33SPTLR4− cells (Figure 7c). Moreover, BGNhigh patients 
had a significantly increased number of endothelial cells pro-
ducing BGN (CD34+CD31+BGN+ cells) within the CD31+ 

cells. In contrast, the majority of the CD31+ endothelial cells 
in BGNlow patients lack BGN expression (Figure 7d). MSI 
results demonstrated a higher infiltration of CD3+CD8− (indi-
cated as CD4+) cells in the BMB of MDS patients with lower 
BGN H-scores, whereas the CD8+/CD4+ ratio increased with 
higher BGN expression levels in the BMBs (Figure 8aandb). 
High BGN expression was accompanied by an increased den-
sity of MUM1+ plasma cells, while a cluster with intermediate/ 
high BGN H-scores showed the highest frequency of Tregs 
(CD3+FOXP3+). BGNhigh BMBs exhibit a higher number of 
Tregs in the proximity of CD8+ and CD4+ cells and a lower 
number of CD4+ cells within a 10 μm radius of CD8+ cells. In 
contrast, BGNlow patients have more CD8+ cells in the proxi-
mity of blasts, but a low number of surrounding Tregs 
(Figure 8b). Despite this favorable microenvironment, conven-
tional IHC revealed that patients with CD34+ BGNhigh cells 
often have an increased expression of CD152 (CTLA-4), while 

Figure 5. Altered casp1 activity in MDS-L subpopulations by inflammasome inhibitors. (a) Casp1 activity measured via luminescence on the TLR4 subpopulation of MDS- 
L cells after stimulation with BGN (left) as well as additional stimulation with TIRAP inhibitors, TGF-β1 or IFN-γ. The mean luminescence and SD are presented in the 
graph. T- tests were conducted to determine statistical significance using the average of two measurements (technical replicates) in three (n = 3) independent 
experiments. (b) Western blot analysis investigating expression of BGN and the inflammasome related proteins P2X7 and NLRP3 in total MDS-L cells. The cells were 
either left untreated (ctrl) or treated with potential inhibitors of the pathway for 4 days (TIRAP inhibitors, IL-1Ra, TGF-β1 or IFN-γ). β-actin was used as a loading control 
for the comparisons between different treatments (n = 1). (c) Flow cytometric analysis of the MDS-L subpopulations after 4 day treatment with the different inhibitors of 
the inflammasome, TGF-β1 and IFN-γ. The different subpopulations are depicted with different colored lines (red: total CD33; green: total CD34; purple: lin; blue: TLR4), 
while the bar charts show the ratios of the two stem cell like populations before and after treatment (blue: SC1; red: SC2). The numbers on the Y axis represent 
percentage of cells gated on the total alive cells. (d) Comparison of casp1 activity (i) in the TLR4 subpopulation in untreated (green), recombinant BGN-treated cells (red) 
as well as co-cultured with the high BGN-producing stem cell subpopulation SC2, either alone (blue) or together with anti-BGN antibodies (blue-crossed). (ii) Flow 
cytometry analysis of total MDS-L cells treated for 4 days with the anti-BGN antibodies. The different subpopulations are depicted with different colors (red: total CD33; 
green: total CD34; purple: lin; blue: TLR4-blue). T tests were utilized for the identification of statistical significance. Both mean luminescence and SD are shown in the 
graph. Technical duplicates were used to eliminate possible errors, within the 3 biological replicates performed (n = 3). (e) Flow cytometry analysis of total MDS-L cells 
after treatment with the glyburide intermediate (blue circle), the NF-kB inhibitor SN50 (red triangle) or their combination (green square). The (i) CD34+, (ii) CD33+, (iii) 
lin+ and (iv) TLR4+ subpopulations were analyzed, before and after treatment to reveal a possible synergistic effect of blockade of both parts of the pathway (n = 1).
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Figure 6. Distinct BGN expression in MDS and AML BMB. (a) Representative pictures of BGN IHC staining in FFPE BMB from a healthy donor, a low expressing MDS 
patient and a high expressing MDS patient. The slides were stained as mentioned in the materials and methods. A scale has been used as a reference. (b) Differential 
BGN expression between (i) healthy donors and MDS/sAML patients indicated by a comparison of the BGN H-scores and (ii) MDS patients with different blast counts 
indicated by a comparison of the percentage of BGN positive cells. (iii) Depiction of the generated ROC curve for the determination of the diagnostic value of BGN 
H-score. The area under curve (AOC) is presented along with the significance levels (t test), median of the patient samples and the 95% CI. (c) Correlation plots 
comparing the BGN (x axis) and NLRP3 (y axis) h score determined. The correlations are separately investigated in MDS (left) and sAML (right) patient samples. The linear 
regression is additionally seen on the graph together with the p value, r and 95%CI derived from the correlation analysis.

Figure 7. Multispectral imaging of inflammasome components on MDS BMBs. (a) Representative picture of a BMB stained with antibodies against CD34 (yellow), CD33 
(green), CD31 (cyan), NLRP3 (violet), BGN (red) and DAPI (blue). (b) Correlation between the MFI of BGN within theCD34+ subpopulation of cells and NLRP3 within the 
CD33+ cells when analyzing the BMB of the MDS patient cohort. A significance along with the r value between the MFI of these molecules in the subpopulations of 
interest was found. (c) The ratio of CD33+TLR+/CD33+TLR4− cells determined by IHC are shown for BGNlow and BGNhigh patients. The median is shown for the depicted 
ratios within the biopsies as well as the significance (t-test). (d) The percentage of endothelial progenitor cells (characterized as CD34+CD31+ cells) expressing BGN 
(CD34+CD31+ BGN+, left) and the normal endothelial cells not producing BGN (CD34−CD31+ BGN−, right) were found within the BGNlow and BGNhigh patients. Median 
values of the reported percentages are represented by the black line, which was significant as determined by the T-test can be also observed.
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no correlation was found with CD274 and PDCD1 
(Supplementary Figure 6)

Correlating the clinicopathological characteristics and pro-
gression-free survival (PFS) with BGN expression, no signifi-
cant differences in the PFS between patients with BGNlow 

versus BGNhigh BMBs regarding the established progression 
score to sAML was observed (Supplementary Figure 7a). 
Further analysis of the clinicopathological characteristics of 
BGNvery low and BGNvery high BMBs showed a tendency of 
BGNvery low for a lower IPSS-R scoring, which was independent 
of blast counts and cytogenetic score, since the BGNvery high 

group had favorable clinicopathological characteristics for both 
criteria (Supplementary Figure 7b). The common mutations 
found in MDS patients were not correlated with the BGN 
expression (Supplementary Table 4). Survival analysis of 
patients treated with the demethylating agent Vidaza had 
a comparable PFS regardless of BGN expression in the BM 
(Supplementary Figure 8, n = 18). In contrast, higher BGN 
expression levels in the BMBs of untreated MDS patients 
(n = 14) correlated with a significant decrease in PFS with 
a > 8 times higher risk of progression to sAML (Figure 8c). 
Combining the multivariate survival analysis using the BGN 
H-score with the risk scoring systems revealed that the BGN 
H-score represents an independent negative prognostic factor 
in the small cohort of patients analyzed (Figure 8d).

Discussion

Cancer-associated inflammation has been attributed to an 
attempt of the host immune system to eliminate tumor cells 
and provide tissue protection, but it can also facilitate tumor-
igenesis. Deciphering the function of proteoglycans in mediat-
ing cancer-associated inflammatory processes may provide 
novel insights into the biology of tumors including hematolo-
gic malignancies.30

In this study, a novel role of BGN in MDS and a potential 
mechanism, by which MDS stem cells utilize this SLRP to 
sustain a proinflammatory BM microenvironment, was identi-
fied. In the past, both pro-tumorigenic and tumor suppressive 
properties of BGN have been identified11 and related to 
patients’ outcomes. In the MDS/sAML context, different pro-
cesses promoting inflammation have been documented, such 
as the downregulation of miRNAs in the del(5q) syndrome or 
TLR4 activation.19,31 In our model, BGN secreted by distinct 
MDS-L subpopulations with stem cell properties binds to 
mature CD33SPTLR4+ cells leading to inflammasome activa-
tion. This not only results in their inflammatory death, but also 
in the disruption of hematopoiesis as demonstrated by inflam-
masome inhibition leading to an increase of the lin+ 

TLR4+subpopulation. These findings were confirmed by MSI 
on BMB samples, where BGNhigh biopsies had less 

Figure 8. Correlation of BGN with the immune cell signature and its clinical relevance. (a) Representative picture of BMB stained with Ab against CD34 (red), CD3 (violet), 
CD8 (yellow), FOXP3 (cyan), MUMp1 (Orange) and DAPI (blue). To standardize the spatial distribution analysis, three MSI fields at the x20 zoom (1872 × 1404 pixel, 
0.5 µm/pixel) were manually selected on each slide based on representativeness and tissue size. Since the BMBs showed a high variability in quality, only areas with 
preserved architecture were chosen. (b) Hierarchical clustering and heat map of the BM of MDS/sAML patients, based on their infiltrate. Blue fields show numbers lower 
than the 10% percentile, white fields are values close to the median, while red fields are values higher than the 90% percentile. The upper part of the table represents 
the frequencies of cells in the BM, while the lower part the mean number of cell type A within a 10 μm radius of the cell type B (indicated as A > B). (c-d) Log-rank 
progression free survival analysis (c) as well as multivariate Cox Regression survival analysis (d) of 14 MDS patients that did not receive treatment, regarding their BGN 
expression in the BM alone or together with the two commonly used risk factor markers (blast numbers and cytogenetic score). In the univariate analysis, BGNlow (n = 6) 
patients are depicted with green, while BGNhigh (n = 8) patients with red. Statistical significance as well as the hazard ratio between patients is depicted for both uni- 
and multivariate analysis. For the Cox regression model, the BGN H scores were used as a continuous variable, instead of stratifying the patients in high and low 
expressors, in order to investigate the possible effect of an increased BGN H score on the PFS of patients.
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CD33+TLR4+ cells, further supporting the possible inhibitory 
role of BGN toward mature hematopoiesis. The importance of 
this BGN-mediated feedback loop in the BM of MDS patients 
is underlined by amplification of this effect in other TLR4+ 

subpopulations of the BM.32 Since chronic inflammation has 
been shown to contribute to various myeloid malignancies,33 

the expression of BGN in AML,MDS, MPN cell lines and 
BMBs of MDS patients, but not in BMBs of patients without 
hematologic malignancies indicates a strong link between this 
SLRP and hematological malignancies.

In vitro experiments revealed heterogeneous effects of inhi-
bitors of the BGN-mediated inflammasome activation on the 
cell differentiation. TGF-β1 and IFN-γ treatment showed pro-
mising results, although their use as treatment for MDS 
patients requires caution, since TGF-β can directly upregulate 
BGN,34 whereas IFN-γ signaling in MDS and AML was linked 
to an increase in PDCD1, which could be detrimental.31 

Currently, a phase I clinical trial investigates the potential 
benefits of IFN-γ treatment in MDS patients (ClinicalTrials. 
gov: NCT04628338). Our results suggest that targeting of BGN 
by a combination of SN50 and 16673–34-0 inhibited casp1 
activation causing CD34+ cell death and an increased fre-
quency of the TLR4+ subpopulation, whereas treatment with 
an anti-BGN antibody increased the lin+ fraction. The impor-
tance of a dual targeting of the NLRP3 pathway was underlined 
by the synergistic effect upon inhibitor treatment, indicating 
a therapeutic potential for the combination of NF-kB inhibi-
tors with glyburide, leading to results similar to the anti-BGN 
antibody treatment.

The lack of BGN expression in healthy CD34+ cells and 
absence of TLR4-bound BGN in total PBMCs and circulating 
HSCs demonstrates that BGN overexpression already occurs at 
the early onset of MDS and is maintained during disease 
progression to sAML. However, it is noteworthy that 
a hallmark of MDS is the activation of the NLRP3 inflamma-
some, which drives clonal expansion and pyroptotic cell death. 
Independent of the genotype, MDS hematopoietic stem and 
progenitor cells (HSPCs) overexpress inflammasome proteins 
and manifest activated NLRP3 complexes that direct activation 
of casp-1, generation of IL-1β, IL-18 and pyroptotic cell 
death.19 Interestingly, a correlation of NLRP3 with BGN 
expression in the sAML samples, but not in MDS was demon-
strated indicating that disease progression coincides with the 
pyroptotic effects of BGN.

The discrepancy between the percentage of BGN-expressing 
cells in the BM of MDS/sAML patients and the number of 
blasts, as well as the analysis of the frozen BM aspirates, 
indicate a contribution of additional cell populations involved 
in this upregulation. As shown above, these could be among 
others, CD34+CD31+ endothelial progenitor cells, reported to 
produce BGN within other cancer types.35 Most importantly, 
despite the small patient cohort investigated, the observed 
effects of BGN on the PFS of untreated MDS patients suggest 
its use as a biomarker and potential therapeutic target for this 
disease. The BGN-driven alterations of the BM microenviron-
ment include a high frequency of MUM1+ cells in BGNhigh 

MDS BMBs,36 but also high levels of CD8+ T and 
CD3+FOXP3+ cells. One could speculate that TLR4 stimulation 
by BGN upregulates MCP1, which was significantly elevated in 

the TLR4+ subset of MDS-L cells, resulting in a strong attrac-
tion of T cells into the BM.37 Furthermore, the CD3+FOXP3+ 

subpopulation does not necessarily represent a Treg subset, 
since high levels of IL-1β produced in the BGN-expressing 
BM could indicate Th17 differentiation, further promoting 
a proinflammatory microenvironment.38 Since BGN expres-
sion is epigenetically controlled and can be altered by 5-azacy-
tidine treatment, treatment of BGNlow patients with 
demethylating agents might exert detrimental effects.35 Basal 
BGN levels in BMBs of MDS patients have clinical relevance 
due to the lack of progression of MDS BGNlow patients to 
sAML and suggesting its use as an independent prognostic 
factor in the patients’ cohort analyzed.

To the best of our knowledge, this study suggested for the 
first time BGN as a novel prognostic biomarker and therapeu-
tic target of sAML/MDS by its direct inhibition through BGN- 
specific antibodies and/or inflammasome inhibitors.
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