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Abstract
Galectin-9 consists of two peptide-linked carbohydrate recognition domains (CRDs), but alternative splicing and proteolytic 
processing can give rise to multiple galectin-9 isoforms. Some of these consist of a single CRD and can exert different func-
tions in cell biology. Here, we explored the role of these galectin-9 isoforms in endothelial cell function and angiogenesis. 
For this, we compared the effects of the two separate CRDs (Gal-9N and Gal-9C) with the tandem repeat galectin-9M on 
endothelial cell proliferation, migration, sprouting and tube formation in vitro as well as on angiogenesis in vivo using 
the chicken chorioallantoic membrane (CAM) assay. Galectin-9 isoforms significantly affected proliferation in quiescent 
endothelial cells and migration in activated endothelial cells. Interestingly, both monovalent gal-9 CRDs displayed opposite 
effects compared to gal-9M on proliferation and migration. Sprouting was significantly inhibited by gal-9C, while all isoforms 
appeared to stimulate tube formation. Angiogenesis in vivo was hampered by all three isoforms with predominant effects 
on vessel length. In general, the isoforms induced only subtle concentration-dependent effects in vitro as well as in vivo. 
Collectively, the effects of different galectin-9 isoforms in endothelial cell biology depend on the cellular activation status. 
While opposing effects can be observed on a cellular level in vitro, all galectin-9 isoforms hamper angiogenesis in vivo. 
This warrants further investigation of the regulatory mechanisms that underlie the diverging roles of galectin-9 isoforms in 
endothelial cell biology since this could provide therapeutic opportunities.
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Introduction

Galectins are glycan-binding proteins that interact with spe-
cific carbohydrate ligands on a variety of substrates, includ-
ing extracellular matrix proteins, cell surface glycoproteins 
and glycolipids [1]. Alterations in galectin expression are 
frequently associated with cancer [2], and members of the 
galectin family have been linked to different key processes of 
tumor progression [3, 4]. For example, galectins are involved 
in cellular processes like proliferation and apoptosis, thereby 
contributing to tumor cell transformation [5, 6]. In addition, 
galectins have been shown to promote tumor progression 
by facilitating tumor immune escape, tumor metastasis and 
induction of tumor angiogenesis [3, 4, 7]. Regarding the lat-
ter, we and others have shown that endothelial cells require 
galectin-1 for proper function during tumor angiogenesis 
and that tumor cells can induce angiogenesis by secretion 
of galectin-1 [8–11]. Likewise, angiostimulatory activity 
has been ascribed to galectin-3 [12–14] and galectin-8 [15]. 
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All this identifies galectins as important regulators of tumor 
angiogenesis.

In an effort to identify the key angioregulatory galectins, 
we have previously performed extensive galectin expression 
profiling in endothelial cells of different origin [16]. Besides 
confirming the expression of galectin-1, galectin-3, and 
galectin-8, we also observed endothelial galectin-9 expres-
sion [16]. Galectin-9 consists of two carbohydrate recogni-
tion domains (CRD) that are covalently connected by a short 
linker peptide [1, 17]. The length of this linker, and hence 
the flexibility and valency of the protein, is regulated by 
posttranscriptional splicing of two exons, i.e., exon 5 and 6 
[18]. Consequently, three bivalent galectin-9 isoforms are 
frequently reported in literature, i.e., gal-9L (or gal-9FL; 
full length galectin-9), gal-9M (or gal-9Δ5; lacks exon 5) 
and gal-9S (or gal-9Δ5/6; lacks exons 5 and 6) [17]. Our 
investigations into the role of galectin-9 in endothelial cell 
biology and angiogenesis resulted in the identification of 
two additional transcript variants that, apart from exons 5 
and 6, also lack exon 10, i.e. gal-9MΔ10 and gal-9SΔ10 
[16, 19]. Interestingly, splicing of exon 10 results in a frame 
shift and a premature stop codon, thereby giving rise to a 
truncated galectin-9 protein that lacks the C-terminal CRD 
[19]. While it remains to be confirmed whether such vari-
ants exist as stable proteins in vivo, it has been shown that 
the linker peptide of certain gal-9 isoforms is susceptible to 
proteolytic digestion [20]. This results in separation of both 
galectin-9 CRDs, which might serve as a mechanism to inac-
tivate the chemoattractant activity of gal-9 [20]. In addition, 
the individual domains have been shown to exert distinct 
effects on T cells [21]. In the current study, we explored 
whether separation of the galectin-9 CRDs affects the role 
of galectin-9 on endothelial cell function and angiogenesis.

Materials and methods

Cell culture

Primary human umbilical vein endothelial cells (HUVECs) 
were isolated as described previously [16]. Cells were cul-
tured in 0.2% gelatin-coated culture flasks at 37 °C/5% CO2 
in RPMI (Gibco) containing 10% fetal calf serum (Invitro-
gen) and 10% human serum supplemented with l-glutamine 
(Invitrogen) and penicillin/streptomycin (Invitrogen). At 
confluency, cells were passaged 1:3 for a maximum of 3 
passages.

Recombinant galectin‑9 protein production 
and isolation

Competent BL21(DE3) cells (New England Biolabs) were 
transformed with the appropriate plasmid (pGEX-G9NT/

pGEX-G9CT; a kind gift of Dr. Nozomu Nishi, Life Sci-
ences Research Centre, Kagawa University, Kagawa, 
Japan) and grown on LB-agar plates containing 100 µg/
mL ampicillin according standard protocols. A single col-
ony was used to inoculate 100 mL LB medium contain-
ing 100 µg/mL ampicillin and grown overnight at 30 °C. 
The overnight culture was diluted in 1.6 L TB medium 
(1.2% Tryptone, 2.4% Yeast extract, 0.4% glycerol, 
72 mM K2HPO4, 17 mM KH2PO4) containing 100 µg/
mL ampicillin an grown to OD 0.4–0.6. Cultures were 
cooled on ice, induced with 1 mM IPTG and grown over-
night at 22 °C. The next day, pellets were harvested by 
centrifugation, weighed and dissolved in 4 mL/g of fresh, 
chilled B-PER solution (Thermo Fisher Scientific) con-
taining 1 × Halt protease cocktail (Thermo Fisher Scien-
tific) 1 mM PMSF (Sigma Aldrich), 2 mM EDTA, 4 mM 
β-mercaptoethanol, and 2.73 units/µL DNaseI (Qiagen). 
The solution was incubated at room temperature for 15′ 
and centrifuged at 4500 rpm. The supernatant was loaded 
onto a β-Lactosyl Sepharose column (prepared as previ-
ously described by [22]. Prior to supernatant loading, the 
column was washed with 300 mL washing solution (1 × 
PBS containing 0.02% NaN3, 4 mM β-mercaptoethanol 
and 2 mM EDTA) and blocked with 300 mL blocking solu-
tion (3% BSA in 1× PBS). Following overnight incubation 
at 4 °C, the column was washed with 300 mL washing 
solution and proteins were eluted with elution buffer (1 × 
PBS containing 100 mM lactose (Sigma Aldrich), 0.02% 
NaN3, 4 mM β-mercaptoethanol and 2 mM EDTA). Frac-
tions were analyzed for protein content using a NanoDrop 
ND-1000 (Isogen life science) after which positive sam-
ples were pooled and concentrated using Amicon 10K 
centrifugal filter units (Millipore). Protein was further 
purified using a Sephacryl S-100 sizing column (Sigma 
Aldrich), concentrated using Amicon 10 K centrifugal 
filter units and dialyzed against PBS using 7 K MWCO 
SnakeSkin (Thermo Fisher Scientific) containing 2 mM 
β-mercaptoethanol at 4 °C.

Alternatively, after concentration using Amicon 10 K 
centrifugal filter units, the protein solution was loaded onto a 
5 mL GSTrap column (GE Healthcare) that was equilibrated 
with 25 mL binding buffer (0.05 M Tris–HCl, 0.5 M NaCl, 
pH 7.4). The column was washed with 50 mL binding buffer 
and then incubated with 5 mL PBS containing 400 units 
Thrombin (GE Healthcare) for 16 h at 22 °C. Subsequently, 
a benzamidine HiTrap FF column (GE Healthcare) was 
washed with 1 × PBS and attached to the GSTrap column. 
Columns were eluted with 10 mL elution buffer (20 mM 
Na2HPO4, 0.15 M NaCl, pH 7.5), and the eluate was dia-
lyzed against 1 × PBS containing 2 mM β-mercaptoethanol, 
and concentrated using Amicon 10 K centrifugal filter units.

As a final step, LPS was removed using Detoxi Gel 
(Thermo Fisher Scientific) according to the supplier’s 
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protocol. Protein concentration was determined using a BCA 
assay (Thermo Fisher Scientific), set to a stock of 1 mg/mL 
and aliquots were stored at − 80 °C until further use.

Hemagglutination assay

In a 96-well round bottom plate (Greiner) 25 µL of recom-
binant protein (0.00–0.12–0.37–1.11–3.33 µM) in PBS was 
mixed with 25 µL TSB buffer. Next, 25 µL of 3% fixed rabbit 
red blood cells (Fitzgerald Industries International) in PBS 
was added and air bubbles were removed to prevent distur-
bance of the agglutination area. After 1-h incubation at room 
temperature, the plate was scanned and the agglutination 
diameter (d) was measured using Adobe Photoshop CS4. 
The agglutination area (A) was calculated by A = π*(d/2)2. 
The relative agglutination area was calculated as: relative 
A = A/A−1

blank.

SDS‑PAGE and Western Blotting

Recombinant protein samples were subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis on a 
precast gradient polyacrylamide gel (2–20%, BioRad). 
Following gel electrophoresis, the proteins were directly 
visualized using coomassie brilliant blue staining or pro-
teins were transferred onto PVDF membranes (Millipore) 
following standard protocols. Subsequently, membranes 
were blocked with Rockland blocking buffer (Rockland 
Inc.) for 1  h at room temperature and incubated over-
night at 4 °C with anti-galectin-9 antibody (R&D systems; 
1:250) in 0.5 × PBS/0.1% Tween/0.5 × Rockland buffer. 
The membranes were washed using in 0.5 × PBS/0.1% 
Tween/0.5 × Rockland buffer and incubated with a HRP-
labeled rabbit anti-goat antibody (Dako; 1:1000) for 1 h in 
0.5 × PBS/0.1% Tween/0.5 × Rockland buffer. Finally, the 
membranes were washed with PBS/0.1% Tween. Staining 
was visualized using the Pierce ECL Plus kit (Thermo Sci-
entific), and images were obtained using a Uvitec imaging 
system (Uvitec).

Proliferation assay

The CellTiter-Glo assay (Promega) was used to assess 
the proliferation rate of endothelial cells. In short, 5000 
HUVEC/well were seeded in 0.2% gelatin/PBS-coated 
96-well plates. Cells were allowed to adhere for 2 h after 
which the culture medium was replaced. Cells were cul-
tured in the presence or absence of recombinant galectin-9 
proteins at the indicated concentrations for 3 days. Subse-
quently, the cells were washed with PBS to remove dead 
cells as well as cellular debris and incubated with 100 µL 
CellTiter-Glo reagent for 10 min on a shaker at room tem-
perature. Next, luminescence levels were determined using a 

microplate reader (Tecan). All experiments were performed 
in triplicate (three independent HUVEC sources) with three 
replicates per treatment condition within each experiment.

Migration assay

Endothelial cell migration was assessed by creating a scratch 
in a confluent layer of endothelial cells, followed by moni-
toring scratch closure in time in the presence or absence of 
recombinant galectin-9 proteins [23]. Images of each scratch 
were automatically acquired at t = 0 and t = 7 h with a 1.4 Mb 
GiGE color camera (Hitachi) on a DMI3000B microscope 
equipped with an automated xyz-stage (Leica) using Univer-
sal Grab software (version 6.3, DCIlabs). Scratch area was 
determined using ImageJ. All experiments were performed 
in quadruplicate  (three independent HUVEC sources) 
with three replicates per treatment condition within each 
experiment.

Cell viability assay

Endothelial cell viability was assessed by FACS following 
annexin V and 7AAD staining using the Annexin V Apop-
tosis Detection Kit (MabTag) according the manufactur-
ers’ protocol. In brief, 10.000 HUVEC were treated with 
100 μM of the different galectin-9 isoforms for 8 h. As posi-
tive control for induction of apoptosis, 20 μM sunitinib was 
used. Following treatment, cells were harvested by trypsin 
digestion and stained while kept on ice. FACS analysis was 
performed on a FACSCalibur (BD Biosciences) according 
standard protocols. Experiments were performed on six dif-
ferent HUVEC isolates.

Sprouting assay

HUVEC cells were harvested and resuspended to a final con-
centration of 40 K cells/mL in Methocel medium (RPMI 
containing 20% Methocel and 10% 0.22 µmeter filtered 
heat-inactivated human serum). 25 µL drops were pipetted 
onto the lid of a non-adhesive square Petri dish which was 
inverted and incubated overnight in a humidified incubator 
at 37 °C, 5%  CO2. The next day 200 µL sprouting medium 
(10% NBCS, 0.1% Heparin, 14.9% Methocel, 62.3% 
PureColl, 8.3% 10 × 199 complement, 4.5% NaOH) was 
added to each well of a µ-Slide 8 well Ibidi plate (Ibidi) and 
left to solidify for 30 min at 37 °C. Meanwhile, the spheroids 
were harvested using a 1 mL pipet and pelleted. The pellet 
was carefully resuspended in 1.6 mL sprouting medium. 200 
µL medium containing spheroids was added to each well and 
left to solidify for 30 min at 37 °C. Next, 100 µL RPMI with 
or without 500 nM recombinant galectin was applied topi-
cally and spheroids were allowed to sprout for 16 h. Pictures 
of the spheroids were taken, and sprout length and number 
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per spheroid were analyzed manually. All experiments were 
performed in triplicate, and per experiment at least 10 sphe-
roids per condition were analyzed.

Tube formation assay

Tube formation was performed as described previously [23] 
with a few modifications. In brief, a flat-bottom 96-well plate 
was coated with 50 µL Matrigel (BD Biosciences). Next, 
20,000 HUVEC and 200 human perivascular cells (acquired 
from the vena saphena magna according to the Dutch guide-
lines for secondary use of material) were mixed and added to 
the wells. After 30 min, medium with the appropriate con-
centration of compounds was added and cells were allowed 
to form tubular structures for 6 h. Images were acquired 
with a 1.4 Mb GiGE color camera (Hitachi) on a DMI3000B 
microscope equipped with an automated xyz-stage (Leica) 
using Universal Grab software (version 6.3, DCIlabs). Anal-
yses of meshes were performed using ImageJ. Experiments 
were performed in quadruplicate.

Chicken chorioallantoic membrane assay

The chicken chorioallantoic membrane assay was performed 
as described before [24]. In brief, fertilized chicken eggs 
(Het Anker, the Netherlands) were incubated and rotated at 
a relative air humidity of 65% and a temperature of 37.6 °C 
in a hatching incubator with an automatic rotator for 3 days. 
On embryonic day 3 (EDD3), a small opening of approxi-
mately 3 mm in diameter was made in the eggshell at the 
top of the egg and sealed with tape. The eggs were then 
incubated for 3 days with the opening facing upwards. On 
EDD6, the eggs were opened further to allow easier access 
to the chorioallantoic membrane. For the topical application 
of recombinant galectins, polyethylene rings were deposited 
on the chorioallantoic membrane. From embryonic EDD6 
to EDD9, recombinant galectins were applied daily within 
the polyethylene rings. Finally, on EDD10, pictures of the 
chorioallantoic membrane were taken using an Optech LFZ 
stereo microscope (Optech) after injection of approximately 
1 mL contrast agent (zinc oxide in pure vegetable oil) under 
the chorioallantoic membrane and the ring. Quantification of 
different vascular parameters was obtained using HetCAM 
software (Peira). Experiments were performed in duplicate 
and at least 8 eggs per condition were used.

Statistical analyses

All data are presented as mean ± SEM unless indicated oth-
erwise. The Mann–Whitney rank sum test was used for com-
parison of the migration, proliferation and tube formation for 
which normal distribution could not be assumed. The Stu-
dent’s t test was used for comparison of the CAM data, the 

apoptosis analyses, and the sprouting assay. p values < 0.05 
were considered statistically significant, and all statistical 
analyses were performed using SPSS 20.0.0 (SPSS Inc.).

Results

We set out to determine the effect of the monovalent galec-
tin-9 CRDs on endothelial cell function and angiogenesis. 
This was instigated by the observation that (i) the galec-
tin-9 linker peptide is susceptible to proteolytic cleavage, (ii) 
both galectin-9 CRDs exert distinct activities on T-cell func-
tion, and (iii) endothelial cells express multiple galectin-9 
mRNA splice variants, two of which lack the C-terminal 
CRD. Since galectin-9 expression was previously shown 
to also be induced by the inflammatory cytokine interferon 
gamma (IFNg) [25], we first determined the effect of this 
cytokine on galectin-9 splice variant expression in endothe-
lial cells. Following the treatment of HUVEC with IFNg 
for 24 h, we observed a 10- to 20-fold induction in mRNA 
expression levels of all known galectin-9 splice variants, 
including those lacking part of the coding sequence for the 
C-terminal CRD (Fig. 1a). To determine whether different 
microenvironments could differentially affect endothelial 
galectin-9 expression experiments were repeated using 
different cytokines and growth factors, including VEGF, 
TNF-alpha, IL-1 and IL-10 (Supplementary Fig. 1). Simi-
lar to INFg, IL-10 induced the expression of all galectin-9 
isoforms albeit to a lesser extent. In contrast, both VEGF 
and IL-1 predominantly reduced the expression of most 
galectin-9 variants, especially of the dominant galectin-9M 
variant. TNF-alpha appeared to have only a limited effect on 
endothelial galectin-9 variant expression. These data suggest 
that the endothelial microenvironment controls endothelial 
galectin-9 splice variant expression.

To evaluate whether endothelial cell biology was differ-
entially affected by the separate CRDs, we produced and 
isolated both domains as GST-coupled proteins as described 
previously [26]. Successful protein expression, GST removal 
and purification were confirmed by Western blot analysis 
(Fig. 1b). In addition, hemagglutination experiments were 
performed to assess the ability of the different isoforms to 
interact with and crosslink surface glycans. As expected, 
gal-9M showed a concentration-dependent increase in red 
blood cell agglutination. No agglutination was observed with 
either gal-9N, gal-9C or the combination of both (Fig. 1c).

Next, we compared the effect of both gal-9 CRDs with 
gal-9M on endothelial cell function in vitro. First, the effect 
on proliferation was determined in non-stimulated human 
umbilical vein endothelial cell (HUVEC) cultured under low 
serum conditions (2% human serum). In line with our pre-
vious observations, HUVEC proliferation was significantly 
hampered by 100 nM gal-9M (Fig. 2a). This inhibitory effect 
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was not observed when HUVEC were cultured in the pres-
ence of either gal-9N or gal-9C. In fact, gal-9N and gal-9C 
appeared to slightly induce HUVEC proliferation (Fig. 2a). 
While gal-9M appeared to induce an opposite effect on pro-
liferation as compared to gal-9N and gal-9C, the inhibitory 
effect of gal-9M was not neutralized by addition of either 
gal-9N or gal-9C (Supplementary Fig. 2a). However, addi-
tion of lactose neutralized the gal-9M effect indicating that 
this inhibition was carbohydrate-dependent. This was not 
observed when lactose was added to either gal-9N or gal-9C, 
suggesting that the effects of these isoforms were carbo-
hydrate-independent (Supplementary Fig. 2b). Of note, the 
observed changes appeared not to be caused by altered cell 
survival since none of the galectin-9 isoforms affected cell 
survival (Supplementary Fig. 3).

To evaluate whether the effects depended on endothelial 
activation status, similar experiments were performed with 
HUVEC cultured in the presence of 20% human serum. 
Of note, baseline proliferation of HUVEC in high-serum 
conditions was 1.6-fold increased (p < 0.05) as compared 
to low serum conditions (data not shown). Treatment with 
gal-9M again appeared to inhibit proliferation although 
this did not reach statistical significance. Furthermore, 
there was no longer an effect of either gal-9N or gal-9C 
on HUVEC proliferation under high-serum conditions 
(Fig. 2b). These data suggest that the effect of different 

galectin-9 isoforms on EC proliferation depends on the 
cellular activation status. In addition, the individual CRDs 
show either no effect or an opposite effect on EC prolifera-
tion as compared to gal-9M.

Subsequently, we evaluated the effect of the different 
galectin isoforms on endothelial cell migration using the 
scratch wound assay. In line with previous observations, 
100 nM gal-9M did not affect migration in non-stimulated 
HUVEC. The same was observed for different concentra-
tions of gal-9N and gal-9C (Fig. 2c). Interestingly, under 
high-serum conditions, i.e., stimulated HUVEC, gal-9M sig-
nificantly induced migration while gal-9N had no effect and 
gal-9C inhibited migration (Fig. 2d). These data support the 
observation that either no or a reversed effect occurs when 
the separate gal-9 CRDs are compared to gal-9M. In addi-
tion, the effect of the different galectin isoforms appears to 
depend on the endothelial activation status.

We also assessed the effect of galectin-9 isoforms on 
sprout formation in a 3D collagen matrix. Dibenzazepine 
(DBZ), which was used as positive control, significantly 
induced HUVEC sprouting, as reflected by increased sprout 
numbers and sprout length (Fig. 3a). While we could not 
confirm the previously reported positive effect of gal-9M on 
endothelial sprouting, we did observe a significant inhibitory 
effect of gal-9C on both sprout number as well as sprout 
length (Fig. 3a). On the other hand, tube formation on a 

Fig. 1  Expression, isolation and 
characterization of galectin-9 
isoforms. a Schematic represen-
tation of the different endothe-
lial galectin-9 splice variants. 
Gal-9FL contains the full length 
linker sequence between the two 
CRDs. In gal-9M and gal-9S, 
the linker sequence is truncated 
by alternative splicing of exon 5 
and exons 5/6, respectively. Fur-
ther alternative splicing of exon 
10 results in two additional iso-
forms, i.e., gal-9M∆10 and gal-
9S∆10. The bar graphs shows 
the fold difference in mRNA 
expression levels of these splice 
variants in HUVEC treated with 
interferon gamma compared to 
untreated cells. n = 3, *p < 0.05 
versus control (dotted line). b 
Image of Western blot staining 
of recombinant galectin-9M 
(R&D systems) and both galec-
tin-9 CRDs (in house produced 
and purified). c Representative 
image of hemagglutination 
experiment with quantification 
of the agglutination area (bar 
graph on the right)
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collagen matrix appeared to be induced by all isoforms albeit 
only at low concentrations (Fig. 3b). The induction of tube 
formation was comparable to galectin-1.

Finally, the angioregulatory activity of the different iso-
forms in vivo was explored using the chicken chorioallan-
toic membrane (CAM) assay. For this, the CAM was locally 
treated with recombinant galectin-9 proteins for 5 days after 
which images of the vasculature were taken and multiple vas-
cular parameters were analyzed. From this, a general picture 
emerged indicating that all isoforms exert a moderate inhibi-
tory effect on angiogenesis in vivo. While gal-9M only signifi-
cantly reduced vessel length, both the separate CRDs induced 

a significant reduction in vessel length, total vessel area, and 
vessel branching (Fig. 4). The inhibitory effect of the gal-9N 
variant appeared to be the strongest but gal-9C was already 
inhibitory at lower concentrations. Collectively, our in vitro 
and in vivo studies revealed a complex functional activity 
of the different galectin-9 isoforms on endothelial cells and 
angiogenesis (summarized in Table 1).

Fig. 2  Effect of galectin-9 isoforms on endothelial cell prolifera-
tion and migration. a–d The bar graphs show the relative prolifera-
tion (A + B) or migration (C + D) after treatment of quiescent (2% 
HS; A + C) or activated (20% HS; B + D) HUVEC with the different 

galectin-9 isoforms. The images in C + D show representative pic-
tures of the scratch area immediately after scratching (t = 0) and after 
7 h of migration (t = 7). Proliferation, n = 3; Migration, n = 4.*p < 0.05 
versus blank, #p < 0.05 versus gal-9M
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Discussion

In the current study, we explored the role of different 
galectin-9 isoforms in endothelial cell function and angio-
genesis. Previous studies have shown that different galec-
tin family members act as important regulators of blood 
vessel growth [4]. Others and we have shown that several 
galectins, including galectin-1, galectin-3, and galectin-8, 
can induce, facilitate and/or maintain endothelial cell func-
tion during angiogenesis [8, 10–12, 15, 27]. More recently, 
we reported on a potential role of galectin-9 in endothelial 
cell biology [19]. Since alternative splicing [19] as well 
as proteolytic cleavage of the linker sequence [20] might 
result in the separation of both galectin-9 CRDs, the cur-
rent study aimed to compare the angioregulatory activ-
ity of the dominant bivalent galectin-9 isoform (gal-9M) 
with the N-terminal galectin-9 CRD (Gal-9 N) and the 
C-terminal galectin-9 CRD (Gal-9C).

Our current data reveal a complex regulatory system by 
which the different galectin-9 isoforms affect endothelial 
cell function. For example, the bivalent gal-9M, appears to 
maintain the inactive state of quiescent endothelial cells by 
suppressing cell proliferation. However, both monovalent 
gal-9N and gal-9C isoforms slightly stimulate prolifera-
tion, suggesting that proteolytic cleavage by, e.g., throm-
bin, could reverse the activity of gal-9 on endothelial cell 
proliferation. Indeed, interestingly, proteolytic cleavage of 
the N-terminal fragment of galectin-3 has been shown to 
stimulate angiogenesis [13]. Whether this points toward a 
shared mechanism of proteolytic activation of galectins in 
angiogenesis needs further investigation.

In contrast to non-stimulated endothelial cells, the 
effects of the different isoform on proliferation were absent 
in already activated endothelial cells. It has previously 
been suggested that yet unknown serum components might 
neutralize the apoptotic effect of a recombinant galectin-9 
isoform that lacks the endogenous linker region on mela-
noma cells [28]. We did not observe any effect of the dif-
ferent isoforms on endothelial cell apoptosis but we did 
observe that the different galectin-9 isoforms induced 
significant effects on the migratory capacity of activated 
endothelial cells under high-serum conditions. Possi-
bly, the serum components not only affect the ability of 
galectin-9 to hamper apoptosis in specific cells but also 
alter the activity of galectin-9 in other cell-specific func-
tions. Of note, the bivalent gal-9M displayed an opposite 
effect as compared to both CRDs, stimulation vs. inhibi-
tion, respectively. This further supports the idea that pro-
teolytic cleavage can reverse or neutralize the activity of 
bivalent galectin-9. Collectively, our current data suggest 
that the angioregulatory activity of galectin-9 depends on 
when and on how the different isoforms are presented to 

Fig. 3  Effect of galectin-9 isoforms on endothelial cell sprouting and 
tube formation. a The upper picture shows representative images of 
a HUVEC spheroid embedded in a collagen matrix for 16 h. The bar 
graphs show the fold change in either sprout number (left panel) or 
sprout length (right panel) of treated spheroids relative to untreated 
spheroids (blank). Experiments were performed in triplicate and at 
least 10 spheroids were analyzed per experiment. *p < 0.05 versus 
blank. b The upper picture shows representative images of HUVEC 
tube formation after 8 h on a collagen matrix. The bar graph shows 
the fold change in the number of meshes of treated cells relative to 
untreated cells (blank). Experiments were performed in triplicate. 
*p < 0.05 versus blank
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or sensed by cells. This is supported by findings in other 
cell types. For example, galectin-9 is a potent inducer of 
T-cell apoptosis by binding to Tim-3 on these cells [29]. 
Nagahara et al. observed increased numbers of CD8+ T 
cells upon galectin-9 treatment in tumor bearing mice, 
while simultaneously CD4+ T-cell apoptosis was induced 
[30]. Gooden et al. also found that low-dose galectin-9 can 
activate and expand Th1 cells following an initial wave of 
T-cell apoptosis [31]. With regard to the specific CRDs, Bi 
et al. showed that the CRDs differentially regulate T-cell 
death induction [21]. The specificity of the C-terminal 
CRD was found to be the primary determinant of receptor 
recognition, T-cell death signaling, and susceptibility to 
cell death. In line with this, Li et al. showed a more potent 
role for Gal-9C in T-cell death compared to Gal-9N, while 

Gal-9N was more effective in the activation of dendritic 
cells [32]. Moreover, Nishi et al. showed that thrombin 
mediated cleavage of the galectin-9 linker peptide reduced 
the chemoattraction of eosinophils [20]. All these data 
illustrate that both galectin-9 CRDs, either in the tandem 
repeat configuration or as single domains, display distinct 
activities on different cell types. This is further supported 
by our current findings in endothelial cells. Moreover, the 
distinct activity appears to depend not only on cell type 
or cell activation status but also on the galectin-9 concen-
tration. In fact, we occasionally observed a more potent 
activity at lower concentrations as compared to higher 
concentrations, e.g., tube formation and migration. This 
is in line with other studies showing biphasic activity of 
galectin-1 [11, 31, 33–35]. Of note, this complex role of 

Fig. 4  Effect of galectin-9 isoforms on in vivo angiogenesis. The pic-
ture shows representative images of the CAM vasculature after 5 days 
of treatment with the different galectin-9 isoforms. The bar graphs 
show the quantification of different vascular parameters, i.e., total 

vessel area, total vessel length, number of branch points and number 
of endpoints. CAM experiments were performed in duplicate with a 
total of 10 eggs per treatment in each experiment. *p < 0.05 versus 
blank

Table 1  Effects of galectin-9 
isoforms on endothelial 
cell function in vitro and 
angiogenesis in vivo

− Inhibition, + stimulation, = no significant effect

Gal-9M Gal-9N Gal-9C

Quiescent Activated Quiescent Activated Quiescent Activated

Proliferation − −/= + = + =
Migration = + = −/= = −/=
Sprout formation = = −
Tube formation +/= +/= +/=
CAM −/= −/= −/=
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galectin-9 in endothelial cell biology is a complicating 
factor when performing galectin-9 research. For example, 
while the majority of our current experiments confirmed 
our previous observations with galectin-9M [19], we could 
not confirm that galectin-9M induces sprouting when 
applied topically to the 3D matrix in which the endothe-
lial spheroids are embedded. Most likely, this is due to a 
slight adaptation in the protocol (less Matrigel was used) 
that affected the galectin-9 concentration gradient in the 
matrix. Thus, further studies are required to fully unravel 
how the cellular microenvironment influences galectin-9 
isoform activity.

While the in vitro assays showed that the different galec-
tin-9 isoforms exert different effects on endothelial cell 
function, the CAM assay results indicated that all isoforms 
hamper in vivo angiogenesis. Apparently, interfering with 
endothelial cell function by galectin-9, either by stimula-
tion or inhibition, prevents the formation of an adequate 
and functional vasculature in vivo. Interestingly, of all the 
galectins that are expressed by endothelial cells, i.e., gal-
1/-3/-8/-9 [16], galectin-9 appears to be the only galectin 
with an inhibitory effect on angiogenesis. It remains to 
be established which mechanisms underlie this inhibitory 
effect. Thus far, the angiostimulatory activity of galectins 
has been linked to several signaling pathways, including 
the VEGF/VEGFR2 signaling axis, integrin signaling, and 
Ras signaling [4, 8, 36]. The ability of galectin-1, galec-
tin-3 and galectin-8 to trigger these signaling pathways 
has been linked to cross-linking of different receptors like 
VEGFR2, neuropilin-1, beta-integrins, and CD166 [4]. 
Whether galectin-9 also cross-links these receptors on 
endothelial cells remains to be established. In fact, most of 
the receptors found to interact with galectin-9 appear to be 
predominantly involved in immune cell activity and func-
tion, e.g., T-cell immunoglobulin mucin 3 (TIM-3), cell sur-
face bound protein disulfide isomerases (PDI), CD40 and 
CD44. Interestingly, since several of these receptors are also 
expressed by endothelial cells it could be hypothesized that 
some are involved in regulating the effects of galectin-9 in 
angiogenesis. For example, it was suggested that galectin-9 
enhances T-cell migration by retaining PDI at the cell sur-
faces thereby facilitating CD61-mediated migration [37]. 
While speculative, a similar mechanism might be active in 
endothelial cells, especially since it has been shown that PDI 
can interact with integrins on endothelial cells [38]. Galec-
tin-9 might also exert an angioregulatory role by interact-
ing with CD44, a glycoprotein of which the expression was 
found to be induced upon endothelial cell activation [39]. 
Despite these potential candidates, future research should 
reveal which receptors are actually involved in mediating 
the galectin-9 effect on endothelial cells and to what extend 
receptor cross-linking is involved. Regarding the latter, it 
might be worthwhile to further explore the angioregulatory 

effects of the three bivalent galectin-9 isoforms, since the 
linker length influences the functional potency of galectins 
[18]. In addition, the susceptibility to proteolytic cleav-
age is affected by the linker length [20] which could be a 
mechanism to control how long cross-linked receptors can 
be retained on the cell surface.

Recently, Wiersma et al. have described that KRAS 
mutant colorectal cancer cells are more sensitive to galec-
tin-9 induced cell death. This was linked to an elevated 
basal autophagy flux in the mutant cells that progressed 
into frustrated autophagy upon galectin-9 treatment [40]. 
While we did not evaluate autophagy, it will be of interest 
to explore to what extend galectin-9 interferes with these 
and other pathways. In addition, based on the opposing 
effects on migration and proliferation in quiescent and 
activated endothelial cells, it is tempting to speculate that 
the different galectin-9 isoforms are involved in control-
ling the switch between the tip cell and stalk cell phe-
notype during angiogenesis. Thus, exploring the role of 
galectin-9 in the delta-notch signaling pathway regulating 
this phenotype switch [41] is of interest for further studies.

It is important to note that the overall effects of the differ-
ent galectin-9 isoforms on endothelial cell function in vitro 
and angiogenesis in vivo were subtle. Possibly, galectin-9 
is mainly involved in fine-tuning the angiogenesis process. 
In that respect, it would be interesting to explore the effects 
of the galectin-9 isoforms in the presence of more potent 
angioregulatory galectins like, e.g., gal-1 and gal-3 as it has 
been shown that combining the latter two can potentiate the 
angiogenic activity of endothelial cells [42]. Whether this 
is true when galectin-9 is combined with other galectins 
requires further investigations.

In summary, we compared the angioregulatory activity of 
the bivalent galectin-9M protein with the two monovalent 
galectin-9 CRDs. We found distinct functional effects of the 
isoforms that appear to depend on endothelial cell activation 
status and galectin concentration. Our current data indicate 
that proteolytic processing of galectin-9 into two separate 
domains could serve as a negative feedback loop to neu-
tralize or reverse the effect of the parent galectin-9M iso-
form. In addition, we observed that the galectin-9 isoforms 
hamper angiogenesis in vivo, which is different from other 
angioregulatory galectins. This could offer opportunities to 
exploit galectin-9 in pathologies that are associated with 
dysregulated angiogenesis, including cancer and cardiovas-
cular diseases. All this warrants further investigation of the 
exact mechanisms by which galectin-9 isoforms modulate 
endothelial cell function during angiogenesis.
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