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ABSTRACT
Background  Galectin-9 is a member of the family of 
lectin proteins and crucially regulates human immune 
responses, particularly because of its ability to suppress 
the anticancer activities of T lymphocytes and natural killer 
cells. Recent evidence demonstrated that galectin-9 is 
highly expressed in a wide range of human malignancies 
including the most aggressive tumors, such as high-grade 
glioblastomas and pancreatic ductal adenocarcinomas, as 
well as common malignancies such as breast, lung and 
colorectal cancers. However, solid tumor cells at rest are 
known to secrete either very low amounts of galectin-9 
or, in most of the cases, do not secrete it at all. Our aims 
were to elucidate whether T cells can induce galectin-9 
secretion in human cancer cells derived from solid 
malignant tumors and whether this soluble form displays 
higher systemic immunosuppressive activity compared 
with the cell surface-based protein.
Methods  A wide range of human cancer cell lines 
derived from solid tumours, keratinocytes and primary 
embryonic cells were employed, together with helper 
and cytotoxic T cell lines and human as well as 
mouse primary T cells. Western blot analysis, ELISA, 
quantitative reverse transcriptase-PCR, on-cell Western 
and other measurement techniques were used to 
conduct the study. Results were validated using in vivo 
mouse model.
Results  We discovered that T lymphocytes induce 
galectin-9 secretion in various types of human cancer 
cells derived from solid malignant tumors. This was 
demonstrated to occur via two differential mechanisms: 
first by translocation of galectin-9 onto the cell surface 
followed by its proteolytic shedding and second due to 
autophagy followed by lysosomal secretion. For both 
mechanisms a protein carrier/trafficker was required, 
since galectin-9 lacks a secretion sequence. Secreted 
galectin-9 pre-opsonised T cells and, following interaction 
with other immune checkpoint proteins, their activity was 
completely attenuated. As an example, we studied the 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Recent evidence demonstrated that the immune 
checkpoint protein called galectin-9 is highly ex-
pressed in a wide range of human malignancies 
including the most aggressive tumors, such as high-
grade glioblastomas and pancreatic ductal adeno-
carcinomas. This is often associated with elevated 
blood plasma levels of soluble galectin-9. However, 
solid tumor cells at rest are known to secrete either 
very low amounts of galectin-9 or, in most of the 
cases, do not secrete it at all. Therefore, it is cru-
cially important to understand whether: (1) immune 
cells attacking the tumor, like T cells, can induce 
galectin-9 secretion in human cancer cells derived 
from solid malignant tumors;and whether (2) this 
soluble form displays higher systemic immunosup-
pressive activity compared with the cell surface-
based protein.

WHAT THIS STUDY ADDS
	⇒ We discovered for the very first time that T lympho-
cytes induce galectin-9 secretion in various types 
of human cancer cells derived from solid malignant 
tumors via differential biochemical mechanisms. 
Cross-links between secreted galectin-9 and an-
other immune checkpoint protein called VISTA were 
demonstrated for the first time.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Based on our work, galectin-9 itself and the expres-
sion systems associated with its production could 
be considered as specific and highly efficient tar-
gets for immunotherapy of a wide range of human 
cancers.
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cooperation of galectin-9 and V-domain Ig-containing suppressor of T cell 
activation (VISTA) proteins in human cancer cells.
Conclusion  Our results underline a crucial role of galectin-9 in anticancer 
immune evasion. As such, galectin-9 and regulatory pathways controlling 
its production should be considered as key targets for immunotherapy in a 
large number of cancers.

BACKGROUND
Galectin-9 is a member of the family of proteins that were 
first identified as a group of lectins which specifically bind 
to carbohydrates containing β-galactosides.1–5 Galectin-9 
has a so-called tandem structure and contains two distinct 
carbohydrate recognition domains (CRDs) within one 
molecule.1–5 These CRDs are fused together by a polypep-
tide linker. As such, galectin-9 may be present in three 
main isoforms characterized by the length of their linker 
peptide which can be long (49 amino acids), medium (27 
amino acids), and short (15 amino acids).1–5

Galectin-9 is known as a major contributor to the 
regulation of human immune responses,6 7 particularly 
because of its ability to suppress the cytotoxic activities of 
T lymphocytes and natural killer (NK) cells.6 7 In cytotoxic 
T cells galectin-9 acts through receptors such as Tim-3 (T 
cell immunoglobulin and mucin-containing protein 3), 
VISTA (V-domain Ig-containing suppressor of T cell acti-
vation)7 and programmed cell death protein 1 (PD-1).8 
Galectin-9 can induce leakage of the proteolytic enzyme 
granzyme B from the intracellular granules of cytotoxic T 
cells thus leading to their programmed death, primarily 
by acting through VISTA and Tim-3.7 In NK cells, galec-
tin-9 operates mostly through Tim-3 and impairs their 
cytotoxic activities.6 As such, galectin-9 is used by cancer 
cells to escape immune surveillance. It is also employed 
by foetal cells where it protects the embryo against rejec-
tion by the mother’s immune system.9

Recent evidence demonstrated that galectin-9 is highly 
expressed in a large number of human malignancies 
including very aggressive tumors such as high-grade glio-
blastomas10 11 and pancreatic ductal adenocarcinomas11 
as well as more common malignancies like breast, lung 
and colorectal cancers.9 10 Galectin-9 plays a crucial role 
in the immune escape of hematological malignancies 
such as acute myeloid leukemia (AML), a very aggressive 
blood/bone marrow cancer.6 Importantly, we found that 
AML cells secrete high levels of galectin-9.6 However, solid 
tumor cells secreted either very low amounts of galectin-9 
or, in most cases, did not secrete it at all,10 in which case 
cell surface-based galectin-9 nonetheless appeared to still 
play a role against T cells.

In contrast to the above, recent evidence demonstrated 
that galectin-9 can also participate in the opsonization 
of Gram-negative bacteria,12 13 thus promoting their 
phagocytosis by macrophages12 and neutrophils.13 Gram-
negative bacteria actually upregulate galectin-9 secretion 
by myeloid cells, and this enhances the process of bacte-
rial opsonization.12 It would be much more efficient for 
malignant tumors to secrete galectin-9 since it upregulates 
apoptotic processes in cytotoxic T cells and facilitate their 

destruction through phagocytosis by tumor-associated 
macrophages.12 We, therefore, hypothesized that interac-
tions with T cells induce galectin-9 secretion in human 
solid tumor cells and as such preopsonise T lymphocytes 
to minimize attack on tumor cells.

We report for the first time that T lymphocytes induce 
galectin-9 secretion in various human solid malignant 
tumors. This occurs via two mechanisms: first, by the trans-
location of galectin-9 onto the cell surface followed by 
its proteolytic shedding and, second, by lysosomal secre-
tion. For both mechanisms a protein carrier/trafficker 
is required since galectin-9 lacks a secretion sequence. 
Secreted galectin-9 preopsonises T cells and when they 
interact with other immune checkpoint proteins, their 
activity is completely attenuated. As an example, we 
studied the immunosuppressive cooperation of galectin-9 
and VISTA in human cancer cells. Our results indicate 
that galectin-9 and its regulatory pathways may be consid-
ered as key targets for highly efficient immunotherapy of 
a large number of cancers.

METHODS
Descriptions of materials used, cell lines and primary 
human cells/samples as well as animals are given in 
online supplemental file 1.

Western blot analysis
Galectin-9, VISTA, granzyme B, and Tim-3 were measured 
by Western blot and compared with the amounts of β-actin 
(protein loading control), as previously described.14–16

ELISAs
Levels of galectin-9, VISTA, IL-2 and TGF-β were measured 
in cell culture medium, human and mouse blood plasma 
and some of the cell lysates by ELISA using R&D Systems 
kits (see the Materials section) according to manufactur-
er’s protocols.

Quantitative reverse transcriptase-PCR analysis
To detect VISTA mRNA levels, we used quantitative 
reverse transcriptase PCR (qRT-PCR).16 Total RNA was 
isolated using a GenElute mammalian total RNA prepa-
ration kit (Sigma-Aldrich) according to the manufac-
turer’s protocol, followed by RT-PCR of a target protein 
mRNA (also performed according to the manufacturer’s 
protocol). This was followed by qRT-PCR. The following 
primers were used. Galectin-9: 5′-​CTTTCATCACCACCAT-
TCTG-3′, 5′-​ATGT​GGAA​CCTC​TGAG​CACTG-3′, Tim-3: 
5′-CATGTTTTCACATCTTCCC-3′, 5′-​CTAT​GGCA​TTGC​
AAAC​GCACA-3′, VISTA: forward – 5’-​GATGCACCATC-
CAACTGTGT-3’, reverse – 5’- ​GCAGAGGATTCCTAC-
GATGC-3’; actin: forward – 5′-​TGAC​GGGG​TCAC​
CCAC​ACTG​TGCC​CATCTA-3′, reverse – 5′-​CTAG​AAGC​
ATTT​GCGG​TCGA​CGAT​GGAGGG-3′. Reactions were 
performed using a LightCycler 480 qRT-PCR machine 
and SYBR Green I Master kit (Roche, Burgess Hill, UK). 
The assay was performed according to the manufacturer’s 

D
epartm

ent. P
rotected by copyright.

 on January 18, 2023 at A
very H

ill C
am

pus Library P
eriodicals

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2022-005714 on 4 January 2023. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jitc-2022-005714
http://jitc.bmj.com/


3Schlichtner S, et al. J Immunother Cancer 2023;11:e005714. doi:10.1136/jitc-2022-005714

Open access

protocol. Values representing VISTA mRNA levels were 
normalized against those of β-actin.

Characterization of galectin-9 and Tim-3/VISTA interactions
An ELISA-based analysis was used as described before.17 
Plates were first coated with anti-galectin-9 antibody 
followed by blocking with 2% bovine serum albumin 
(BSA). Cell culture media were then applied and incu-
bated for at least 2 hours at room temperature after which 
plates were extensively washed with TBST. A glycine-HCl 
pH-lowering buffer (pH 2.0) was then applied to extract 
the bound proteins. Extracts were mixed with equal 
volumes of lysis buffer (pH 7.5) and with 4×sample 
buffer for SDS-PAGE at a ratio of 1:3. Samples were 
then subjected to Western blot analysis using rabbit 
anti-galectin-9, mouse anti-Tim-3 and rabbit anti-VISTA 
primary antibodies, as described above.

Detection of PI-3K activity
PI-3K activity was detected using spectrophotometric 
method based on detection of substrate (PI-4,5-
diphosphate) phosphorylation, as previously described.18

Intracellular calcium measurement
MCF-7 cells were plated and cultured as described 
above. Cells were washed once with the recording buffer 
(RB) containing the following components: NaCl—145 
mM, KCl—5.6 mM, glucose—5.6 mM, MgCl2—1 mM, 
HEPES—15 mM, pH 7.4, as well as 0.5 mg/mL BSA. 
The buffer was supplemented with 0.25 mM sulfinpyra-
zone to prevent the removal of the dye from the cells. 
Subsequently, cells were mixed with 2 µM acetoxymethyl 
(AM) ester of Fluo-4 (Ca2+-chelating dye) and incubated 
at room temperature under dark conditions for 30 min. 
Cells were then washed twice with RB and incubated for 
another 30 min in RB to allow degradation of AM esters.

Fluorescence measurements were performed in a 
microplate fluorometer at the following wavelengths: 
excitation—485 nm and emission—538 nm.

On-cell Western
VISTA levels on the cell surface as well as binding of anti-
CD4 and anti-CD8 antibodies to T cells were detected 
using on-cell Western analysis with Li-Cor imaging system 
as described before.19

Cell viability assay
Cell viability was measured using an MTS assay kit 
(Promega) according to the manufacturer’s protocol.

Statistical analysis
Each experiment was performed at least three times 
and statistical analysis, was conducted using a two-tailed 
Student’s t-test. Statistical probabilities (p) were expressed 
as * when p<0.05; **, p<0.01 and *** when p<0.001.

RESULTS
T lymphocytes activate secretion of galectin-9 in human 
cancer cells derived from solid malignant tumors
We investigated whether T cells could induce the secre-
tion of galectin-9 in human cancer cells derived from 
solid malignant tumors. We studied those cells which 
do not secrete galectin-9 on their own and those which 
secrete very small amounts of the protein. In addition, 
we tested non-malignant rapidly proliferating human 
cells including HaCaT keratinocytes and primary human 
embryonic cells. All the cells tested expressed clearly 
detectable and often high amounts of galectin-9.10 For 
cancer cell models we selected MCF-7 breast cancer 
cells, WT3ab Wilms tumor cells, G401 kidney rhabdoid 
tumor cells and LN-18 high grade glioblastoma cells. All 
cells were cocultured with Jurkat T cells for 16 hours at 
a ratio of 1:1. Jurkat T cells were then separated, washed 
2–3 times with fresh medium followed by incubation of 
the cocultured cells using respective cell-specific media 
(see online supplemental figure 1 for details). Cells 
were cultured then for 4 hour and galectin-9 secretion 
was measured at 2, 3 and 4 hourS. Following separa-
tion, Jurkat T cells secreted barely detectable amounts 
of galectin-9. Human cancer cells secreted high levels of 
galectin-9, HaCaT keratinocytes secreted less and human 
fetal cells produced almost undetectable amounts of the 
protein (figure  1A). Galectin-9 expression in MCF-7,10 
WT3ab,16 HaCaT9 and primary human embryonic cells9 12 
was confirmed in our earlier studies. The expression of 
this protein in LN-18 and G401 cells was determined in 
this study (online supplemental figures 2, 3).

We then studied whether various T cell types can induce 
galectin-9 secretion. For comparison, we cocultured 
MCF-7 human breast cancer cells with Jurkat T cells (CD4-
positive), TALL-104 cytotoxic (CD8-positive) lympho-
cytes as well as primary human CD3-positive T cells. All 
cocultures were done at a 1:1 ratio for 16 hours and then 
processed as described above. None of the T cells studied 
secreted any galectin-9 after separation (except Jurkat 
T cells which secreted barely detectable amounts (<100 
pg/mL)). However, MCF-7 cells secreted high amounts 
of galectin-9 in all three cases (figure 1B). As mentioned 
above, among the studied adherent cells, only LN-18 were 
able to secrete detectable (but low) amounts of galectin-9 
at rest in the absence of T lymphocytes (figure 1C).

We then investigated whether CD4 or CD8 proteins are 
involved in T cell-induced galectin-9 secretion. We cocul-
tured primary human T cells with MCF-7 cells in the pres-
ence or absence of CD4 or CD8 neutralizing antibodies 
for 16 hours (online supplemental figure 4A). T cells were 
then, as described above, separated and galectin-9 levels 
released from cultured MCF-7 cells were then measured 
in the conditioned media after 2, 3 and 4 hours (online 
supplemental figure 4B). Galectin-9 was also measured 
in the medium where MCF-7 and primary human T cells 
were cocultured for 16 hours (online supplemental figure 
4C). Binding of anti-CD4 and anti-CD8 to primary T cells 
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was confirmed by on-cell Western analysis (online supple-
mental figure 4D).

We found that neither of the antibodies were able to 
significantly reduce T-cell induced galectin-9 secretion in 

MCF-7 cells, suggesting that CD4 and CD8 are unlikely 
to be involved in this process. However, since we saw a 
minor reduction in the effect caused by the anti-CD8 
antibody, we cocultured highly active LN-18 glioblastoma 

Figure 1  T cells induce galectin-9 secretion in human cancer cells derived from solid malignant tumors and keratinocytes. 
(A) Human cancer cells derived from solid malignant tumors, HaCaT keratinocytes and primary human embryonic cells were 
cocultured for 16 hours with Jurkat T cells at a ratio of 1:1. Cells were then separated and washed with fresh culture medium 
followed by culture for 4 hours. Galectin-9 release was measured at 2, 3 and 4 hours. Jurkat T cells did not release detectable 
amounts of galectin-9. (B) MCF-7 human breast cancer cells were cocultured for 16 hours with Jurkat T cells, TALL-104 or 
primary CD3-positive human T cells at a ratio of 1:1. The experiment was performed as described in section (A). T cells did 
not release detectable amounts of galectin-9. As a control we used MCF-7 cells which were not cocultured with T cells. (C) 
Galectin-9 secretion measured in resting cells studied in section A, which were cultured for 24 hours as outlined in the Materials 
and methods section. Quantitative data represent mean values±SEM of four independent experiments.
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cells with Jurkat T (which express only CD4 and not CD8 
protein) cells for 16 hours, as described above. Jurkat T 
cells were then separated and LN-18 cells were cultured 
for the next 4 hour where galectin-9 levels were measured 
in the conditioned media after 2, 3 and 4 hours (online 
supplemental figure 4E). Galectin-9 was also measured in 
the medium where LN-18 and Jurkat T cells were cocul-
tured for 16 hours (online supplemental figure 4F). We 
confirmed that anti-CD4 was highly expressed on Jurkat 
T cells and anti-CD8 was barely detectable using on-cell 
Western analysis (online supplemental figure 4G). Also, 
we measured both CD4 and CD8 in Jurkat T cells after 
coculture by flow cytometry and found that they were 
CD4 positive, while CD8 levels were barely detectable 
(online supplemental figure 4H). CD4 and CD8 neutral-
izing antibodies had no effect on T cell-induced galectin-9 
secretion in LN-18 cells. A very minor (non-significant) 
reduction of galectin-9 secretion was observed in the 
presence of anti-CD8 antibody, similar to that seen with 
MCF-7 cells (online supplemental figure 4 B,E). However, 
this is unlikely to be specific due to the absence of CD8 
expressions in Jurkat T cells. Importantly, FACS analysis 
confirmed the absence of any traces of CD4 in LN18 
cells after coculture (this is another confirmation of a 
complete separation of adherent cells from suspension T 
cells; online supplemental figure 4H).

Importantly, MCF-7 cells express only one galec-
tin-9 binding receptor—Tim-3,10 16 WT3ab express only 
VISTA and traces of Tim-3,16 while LN-18 express both 
Tim-3 and VISTA (online supplemental figure 3). We 
assessed whether galectin-9 is released in a complex 
together with fragments of its receptors, which can act as 
carriers/traffickers for this protein. We immunoprecipi-
tated galectin-9 as described before6 7 17 and detected it 
using Western blot analysis without boiling the samples. 
When MCF-7 cells were cocultured with Jurkat T cells, 
this resulted in galectin-9 to be secreted in a complex 
with Tim-3 fragment (figure  2A). However, in WT3ab 
cells it was secreted in a complex with VISTA fragment 
(figure 2B). VISTA was dissociated from galectin-9 during 
SDS-PAGE electrophoresis, unlike Tim-3, confirming our 
findings reported earlier that Tim-3 has higher affinity to 
galectin-914 compared with VISTA.7

Both receptors were present in LN-18, where Tim-3 was 
the carrier of galectin-9 (figure 2C), which is in line with 
our previous findings for primary human embryonic cells 
which also express both Tim-3 and VISTA receptors.12

We then wished to assess the interactions between 
MCF-7 and cytotoxic TALL-104 cells in order to discover 
if MCF-7-derived galectin-9 is capable of opsonising cyto-
toxic T cells. We cocultured MCF-7 and TALL-104 cells at 
a ratio of 1:1 and then separated them as described above. 
TALL-104 cells were lysed and around 50–60 µg/well of 
total cellular protein from resting TALL-104 lysates was 
loaded for Western blot detection of galectin-9 (these 
cells express low amounts of galectin-9 and Tim-316). 
We then loaded less (ca. 15 µg/well) protein of TALL-
104 cells lysed after coculture with T cells, so that their 

own galectin-9 and Tim-3 were undetectable. Samples 
were not boiled in both cases. As a result, in lysates of 
TALL-104 cells cocultured with MCF-7 cells, we observed 
a band at ca. 52 kDa detectable by both anti-Tim-3 and 
anti-galectin-9 antibodies (figure  3A). This corresponds 
to the galectin-9 secreted by MCF-7 cells (figure  3B), 
which was detected in the medium following the immu-
noprecipitation of galectin-9. Importantly, this complex 
had lower affinity to the TALL-104 cell surface receptors 
than to Tim-3 trafficking it, since the band corresponded 
to galectin-9 and a single Tim-3 fragment.6 7 We could 
rule out that this was not an internal complex made by 
TALL-104 cells since the internal complex is known to 
have a molecular weight of ca. 70 kDa before Tim-3 is 
shed.6 Importantly, we found that galectin-9 mRNA levels 
were significantly downregulated in TALL-104 after cocul-
ture with MCF-7 cells. The same observation was made 
regarding VISTA mRNA levels, while Tim-3 mRNA levels 
were significantly upregulated (see figure 3C for details). 
In MCF-7 cells both Tim-3 and galectin-9 mRNA levels 
were significantly upregulated (figure  3D). In parallel, 
TALL-104 cells were relatively unable to deliver granzyme 
B into MCF-7 cells (figure 3E, F), which is in line with our 
previous observations.10

Human cancer cells derived from solid malignant tumors 
operate two mechanisms of galectin-9 secretion induced by 
T cells
We considered the possibility of employment of two differ-
ential mechanisms of T cell-induced galectin-9 secretion 
from human cancer cells derived from solid malignant 
tumors. We cocultured MCF-7 and Jurkat T cells at a ratio 
of 1:1 for 16 hours and then separated them, as described 
above, subsequently culturing MCF-7 cells in fresh 
medium for up to 4 hour, measuring galectin-9 secretions 
at 2, 3 and 4 hour. Cells were cocultured in the absence 
and presence of various inhibitors. This included U73122 
(PLC inhibitor), Gö6983 (PKC inhibitor), vacuolin-1 
(inhibitor of lysosomal exocytosis), AZD2014 (mTOR 
inhibitor), EDTA (matrix metalloproteinase inhibitor) 
and protease inhibitor cocktail (PIC) containing blockers 
of lysosomal proteases and matrix metalloproteinases 
(figure 4A).

We found that secretion was downregulated by Gö6983, 
vacuolin-1, EDTA and PIC (figure 4B). AZD2014 upregu-
lated the secretion, which suggests that it was autophagy-
dependent lysosomal secretion (confirmed by the 
inhibitory effect of vacuolin-1), unlike in AML cells where 
galectin-9 secretion is autophagy-independent.6 These 
results suggest that there are two mechanisms involved 
in secretion of galectin-9. The first one is translocation of 
this protein onto the cell surface (by PLC-independent, 
PKC-dependent processes) followed by its shedding 
off the cell surface by matrix metalloproteinases (as in 
AML cells6). The other one is autophagosome formation 
followed by lysosomal exocytosis, where galectin-9 is also 
shed off. This conclusion can be made based on the fact 
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Figure 2  Tim-3 or VISTA traffic galectin-9 during the process of secretion. MCF-7 (A), WT3ab (B) or LN-18 (C) cells were 
cocultured with Jurkat T cells at a ratio of 1:1 for 16 hours. Cells were then separated and washed with fresh culture medium. 
Solid cancer cells were then cultured for 2 hours and galectin-9 was immunoprecipitated as described in the Materials and 
Methods. Eluted proteins were analyzed by Western blot in order to detect galectin-9, Tim-3 and VISTA. Images are from one 
experiment representative of four which gave similar results.
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that secretion of galectin-9 was attenuated by PIC blocking 
both lysosomal proteases and matrix metalloproteinases.

PKC involved in the process is most likely to be calcium-
dependent and diacyl glycerol (DAG)-independent 
(PLC had no influence on the process of secretion). We 
checked whether intracellular calcium levels were upreg-
ulated in MCF-7 by coculturing them with Jurkat T cells at 
a ratio of 1:1 for 2 hours followed by detection of intracel-
lular calcium levels using Fluo4 reactive dye as described 
in the Materials and methods section. We found that 
intracellular calcium levels were significantly upregulated 
(online supplemental figure 5) in MCF-7 cells cocultured 
with Jurkat T cells compared with resting MCF-7 cells. 
This suggests that the environment was supportive of acti-
vating Ca2+-dependent PKC isoforms, which are inhibited 

by Gö6983 together with DAG/Ca2+-dependent isoforms 
of this enzyme.

Galectin-9 can cooperate with VISTA to suppress the 
anticancer activities of T lymphocytes
We then investigated the immunosuppressive activity of 
galectin-9 and how it can cooperate with other immune 
checkpoints in order to achieve T cell inactivation. First, 
we cocultured MCF-7 human breast cancer cells with 
Jurkat T cells (CD4 positive cells displaying T helper 
activity) at a ratio of 1:1 for 16 hours in either the absence 
or presence of 9S2-1 galectin-9 neutralizing (blocking) 
antibody12 or isotype control antibody. On completion 
of the incubation, we measured IL-2 (a T helper-derived 
cytokine inducing activity of cytotoxic T cells) in cell 

Figure 3  Solid tumor cell-derived galectin-9 interacts with cytotoxic T cells. MCF-7 human breast cancer cells were cocultured 
with TALL-104 for 16 hours at a ratio of 1:1. (A) Resting TALL-104 cells and those cocultured with MCF-7 were lysed and 
subjected to Western blot analysis (without boiling the samples) in order to detect Tim-3 and galectin-9. (B) Galectin-9 and Tim-
3 were detected following immunoprecipitation of galectin-9 from the medium collected from the cocultured cells. Levels of 
galectin-9 and TGF-β were analyzed in the medium by ELISA as described in the Materials and methods section. mRNA levels 
of galectin-9, Tim-3 and VISTA were analyzed in TALL-104 (C) and MCF-7 (D) cells by qRT-PCR as described in the Materials 
and methods section. Granzyme B quantities (E) and activities (F) were analyzed in both MCF-7 and TALL-104 cells. Images are 
from one experiment representative of four which gave similar results. Quantitative data represent mean values±SEM of four 
independent experiments. *p<0.05, **p<0.01 vs control. qRT-PCR, quantitative reverse transcriptase PCR.
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culture medium and Jurkat T cell lysates. We also analyzed 
phosphatidyl inositol 3-kinase (PI-3K) activity in Jurkat T 
cell lysates (PI-3K activity and its pathway contribute to 
IL-2 expression in helper T cells and indicate activation 
of TCR signaling20). Importantly, resting Jurkat T cells 
secreted barely detectable amounts of IL-2 and MCF-7 did 
not secrete any.

We found that secretion (but not the levels of cell-
associated IL-2) as well as the total amounts of IL-2 
(secreted+cell-associated levels detected in the lysates) 
produced by Jurkat T cells during the interaction with 
MCF-7 cells were significantly reduced in the presence of 
galectin-9 neutralizing antibody but not isotype control 
antibody (figure 5A). The same effect was observed for 
PI-3K. This means that galectin-9 supports PI-3K acti-
vation in Jurkat T cells and enhances IL-2 production 
by them. We then cocultured Jurkat T cells with LN-18 
(which unlike MCF-7 cells also express VISTA), also at 
a ratio of 1:1 for 16 hours. We found that, in the pres-
ence of LN-18, Jurkat T cells did not secrete more IL-2 
than resting Jurkat T cells. However, the secreted levels 
of transforming growth factor-β type 1 (TGF-β) and galec-
tin-9 were highly upregulated (figure 5B). TGF-β, in line 
with our previous findings,9 16 was found to upregulate 
the expressions of both galectin-9 and VISTA in LN-18 
cells on both mRNA and protein levels (online supple-
mental figure 3). We then cocultured LN-18 cells with 
primary human CD-3-positive T cells and assessed the 
release of IL-2, granzyme B, TGF-β and galectin-9 into 
the medium. We found that no increase was observed in 

the levels of released granzyme B and IL-2, however both 
TGF-β production and galectin-9 secretion were signifi-
cantly upregulated (figure 5C).

Importantly, when LN-18 cells were cocultured with 
Jurkat T cells or primary human T lymphocytes, cell 
surface levels of VISTA were significantly upregulated 
(online supplemental figure 6). No VISTA secretion 
from LN-18 was detected by ELISA. In order to assess 
the contribution of VISTA to the events triggered in T 
cells by galectin-9 we cocultured LN-18 and Jurkat T 
cells in the absence or presence of galectin-9 or VISTA-
neutralizing antibodies.12 We found that IL-2 secretion 
(unlike in the presence of MCF-7 cells) was not changed 
when galectin-9 was neutralized but was upregulated on 
neutralization of VISTA (figure 6A). The same effect was 
observed with the PI-3K activity in Jurkat T cell lysates. 
This means that VISTA contributes to suppression of T 
helper activity. In order to confirm the role of PI-3K in 
IL-2 production in our experimental system, we added 
30 µM LY294002 (PI-3K inhibitor) to the coculture and 
found that both PI-3K activity and IL-2 release were atten-
uated (figure 6A). Importantly, Tim-3 is present on the 
surface of LN-18 cells cocultured with Jurkat T cells as 
confirmed by FACS analysis, and expressed at almost 
equal levels compared with galectin-9 (online supple-
mental figure 7). To rule out the involvement of Tim-3 in 
the observed effects we cocultured the cells as described 
above in the presence or absence of Tim-3 neutralizing 
antibody (4BS12). Tim-3 neutralization had no effect on 
either PI-3K activity or IL-2 release (figure 6A).

Figure 4  Galectin-9 secretion induced by T cells in MCF-7 human breast cancer cells can occur through two mechanisms. 
(A) Possible biochemical mechanisms underlying T cell-induced galectin-9 secretion in human solid cancer cells. Two potential 
mechanisms were investigated. First, Ca2+/PKC-dependent translocation of galectin-9 onto the cell surface followed by 
proteolytic shedding by matrix metalloproteinases (MMPs), which can also be activated by PKC. Another mechanism could 
possibly be associated with galectin-9 in complex with a carrier protein joining autophagosomes, which merge with lysosomes, 
where galectin-9 is shed and secreted via lysosomal exocytosis. (B) MCF-7 cells (adherent) were cocultured with Jurkat T 
cells (suspension) for 16 hours at a ratio of 1:1. Jurkat T cells were then removed and washed away from MCF-7 cells. After 
replacing the culture medium, MCF-7 cells were incubated for 4 hour and galectin-9 release was measured after 2, 3 and 4 
hour. To investigate the mechanisms, replacement medium contained respective pharmacological inhibitors (PIC—protease 
inhibitor cocktail)—U73122—30 µM, Gö6983–70 nM, AZD2014—10 µM, EDTA—200 µM. Data are the mean values±SEM of 5 
independent experiments.
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The next step was to confirm the observed effects in 
vivo using a xenograft model. First, in order to verify 
whether LN-18 cells are capable of suppressing mouse 
T cell activities we cocultured them for 16 hours with 
mouse T cells at a ratio of 1:1 in the absence or pres-
ence of galectin-9 or VISTA neutralizing antibodies. We 
found that coculture led to substantial activity of released 
granzyme B in the cell culture medium (figure 6B). This 
activity was further highly upregulated when galectin-9 

was neutralized and also significantly upregulated when 
VISTA was neutralized (figure  6B). Respectively, the 
viability of LN-18 cells was reduced when either galec-
tin-9 or VISTA were neutralized (figure  6B). Mouse 
IL-2 secretion was upregulated only when VISTA was 
neutralized, which is in line with the observation made 
when coculturing LN-18 with Jurkat T cells (figure 6A). 
Measurement of human galectin-9 in mouse T cell lysates 
(total cell-associated galectin-9) was conducted by ELISA 

Figure 5  Galectin-9 produced by human cancer cells derived from solid malignant tumors triggers PI-3K activation and IL-
2 production in helper T cells. Human cancer cells expressing both galectin-9 and VISTA suppress both helper and cytotoxic 
T cell activities. (A) MCF-7 human breast cancer cells were cocultured with Jurkat T cells (CD4-positive helper T cells) and 
galectin-9 release was measured by ELISA. Cells were cocultured for 16 hours at a ratio of 1:1 in the absence or presence of 
galectin-9 neutralizing antibody or isotype control antibody. IL-2 was measured in the cell culture medium and T cell lysates. 
Total IL-2 levels were calculated as a sum of released and cell-associated (detected in lysates) IL-2. LN-18 high grade human 
glioblastoma cells were cocultured with Jurkat T lymphocytes (B) or primary human CD3-positive T cells (C) at a ratio of 1:1 for 
16 hours. Release of galctin-9, TGF-β, IL-2 and, where applicable, granzyme B were analyzed as outlined in the Materials and 
methods section. Data are shown as mean values±SEM of 6 independent experiments. PI-3K activity was analyzed in T cell 
lysates. Quantitative data represent mean values±SEM of five independent experiments. *p<0.05, **p<0.01 vs control. In the 
schemes—Th represents T helpers and CTC—cytotoxic T cells.
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(which had no cross-reactivity with mouse galectin-9) as 
outlined in the Materials and methods section. We found 
that when galectin-9 was neutralized, it was almost absent 
in T cells and when VISTA was neutralized, its levels were 
significantly downregulated in mouse T cells (figure 6B). 
This effect of VISTA neutralization may be also a result of 
the inability of galectin-9 to bind VISTA on mouse T cells.

Human cancer cells derived from solid malignant tumors are 
capable of secreting galectin-9 which suppresses cytotoxic T 
cell activities in vivo
In order to confirm our findings in vivo, we used C57 
BL16 mice (wild type and not immunocompromised). 
All procedures complied with the UK Animals (Scien-
tific Procedures) Act (1986) and were performed under 
a UK Home Office Project Licence in accordance with 
University of Kent Policy on the Use of Animals in Scien-
tific Research (approved by the University of Kent animal 
committee). 5 mice were used as a control group and 
each of the other 5 mice subcutaneously received 2×106 
LN-18 cells (which are highly tumorigenic) and blood of 
these mice was analyzed after 5 hour (since these mice 
are immunocompetent and engrafted human LN-18 
are highly active, a 5-hour period was used to be able to 
observe maximal immune evasion responses of LN-18 
cells before they were suppressed by mouse immunity).

First, we isolated the area where LN-18 cells were 
injected and subjected it to soft homogenization in cell 
lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM 
EDTA and 0.5% NP-40), in order to dissolve the proteins 
secreted into the microenvironment and to obtain lysed 
haematopoietic cells present within. We found that the 
obtained homogenates contained high levels of human 
galectin-9 (figure  7A) but did not contain any human 
VISTA. Both proteins were undetectable in the control 
group. In both, the control and LN-18-injected group. 

The injection microenvironment (subcutaneous area, 
where the LN-18 cells were injected) contained T cells 
since CD3 protein was clearly detectable in homogenates 
(figure 7A).

Blood plasma of LN-18-injected mice contained clearly 
detectable amounts of human galectin-9 (undetectable in 
the control group). Lysates of T cells of these mice also 
showed high levels of human galectin-9, which was unde-
tectable in T lymphocytes obtained from control animals 
(figure 7B). Additionally, blood plasma TGF-β levels were 
highly upregulated (figure 7B).

We also assessed whether human galectin-9 affected the 
anticancer cytotoxic activity of mouse T lymphocytes. For 
this purpose, mouse T cells were cocultured with equal 
amounts of K562 cells pretreated with 100 nM PMA for 
24 hours at a ratio of 1:1 with primary mouse T cells 
isolated from control and LN-18-injected mice. Cells were 
coincubated for 24 hours followed by viability measure-
ments of K562 cells. We found that viability of K562 cells 
cocultured with T cells from control group mice was 
significantly lower compared with cells which were not 
cocultured with mouse T lymphocytes and those which 
were cocultured with T cells obtained from mice injected 
with LN-18 cells (figure 7C). We can, therefore, conclude 
that human galectin-9 downregulates the cytotoxic activi-
ties of mouse T lymphocytes.

DISCUSSION
In this work, we aimed to investigate the mechanism of 
galectin-9 involvement in the suppression of T cell activ-
ities during anticancer immune evasion. Our previous 
work demonstrated that solid tumor cells rarely secrete 
galectin-9 at rest.10 However, we also found that cytotoxic 
T cell suppression can be achieved through ‘opsonization’ 

Figure 6  VISTA cooperates with galectin-9 in order to suppress helper T cell and cytotoxic T cell activities. (A) LN-18 cells 
were cocultured with Jurkat T cells for 16 hours at a ratio of 1:1 in the absence or presence of either galectin-9, VISTA,Tim-3 
neutralizing antibodies or 30 µM PI-3K inhibitor LY294002. PI-3K activity was measured in Jurkat T cell lysates and IL-2 release 
in the culture media. (B) LN-18 cells were cocultured with primary mouse T cells in the absence or presence of human galectin-9 
or VISTA (which recognizes both mouse and human protein) neutralizing antibodies. Granzyme B activity and IL-2 levels were 
measured in the culture media. Viability of LN-18 cells was detected by MTS assay. Human galectin-9 levels were detected in 
mouse T cells by ELISA. Data are shown as mean values±SEM of 6 independent experiments. *p<0.05 vs control or indicated 
events. In the schemes—Th represents T helpers and CTC—cytotoxic T cells.
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Figure 7  Human cancer cells derived from solid malignant tumors secrete galectin-9 in vivo. C57 BL16 mice were 
subcutaneously injected with tumorigenic LN-18 cells (2 х 106 cells per mouse). Then CD3 protein, human galectin-9 and VISTA 
were measured in the microenvironment where the injection took place (A). We also measured human galectin-9 and TGF-β in 
blood plasma and human galectin-9 in primary mouse T cell lysates (B). Finally, K562 cells were cocultured with primary mouse 
T cells isolated from control and LN-18-injected mice. Images of K562 cells were then taken and their viability was analyzed by 
MTS assay (C). Images are from one experiment representative of five which gave similar results. Quantitative data represent 
mean values±SEM of 5 independent experiments. *p<0.05 vs control or indicated events.
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of T cells.12 As a result, T cells display a so-called ‘eat me’ 
signal by externalizing phosphatidyl serine.12 As such, we 
investigated whether the interaction with T cells triggers 
galectin-9 secretion in solid tumor cells. We found that T 
helpers and cytotoxic cell lines (Jurkat T and TALL-104, 
respectively) as well as primary human CD3-positive T 
cells induce the secretion of galectin-9 from various solid 
tumor cell types including breast and kidney cancers as 
well as high grade glioblastoma cells. Interestingly, non-
malignant HaCaT keratinocytes also secreted galectin-9 
when they were exposed to T cells (figure 1), although 
they secreted less galectin-9 than cancer cells. Primary 
human embryonic cells (13–14 weeks), which express 
high levels of galectin-99 12 and translocate it onto the 
surface,12 were almost unable to secrete it on exposure 
to T cells (figure 1). Importantly, in each case a protein 
carrier was required for galectin-9 secretion as reported 
before only for blood cancer (AML) cells. When Tim-3 
was available, this protein serves as a carrier (irrespec-
tive of other proteins with affinity to galectin-9) since it 
probably has the highest affinity to galectin-9 compared 
with other proteins (eg, VISTA).7 14 However, in one case 
(WT3ab Wilms tumor cells), Tim-3 was not available in 
these cells but they expressed high levels of VISTA. In 
this case, VISTA was used to carry galectin-9 during the 
process of secretion.

Galectin-9 secretion appears to be employed for 
immune evasion not only by cancer cells but also by non-
malignant cells (HaCaT, figure 1). This could mean that 
galectin-9 could be involved in the development of disor-
ders such as psoriasis, where keratinocytes are attacked 
by T cells, though in this case keratinocytes manage to 
suppress T cells and proliferate.21 Our results suggest 
that galectin-9 could be used by keratinocytes to suppress 
the activity of T cells during autoimmune attack. Embry-
onic cells clearly do not aim to suppress the activities of 
T cells in general, since they participate in protection of 
mother’s body and, respectively, the embryo, from infec-
tions. However, they do translocate galectin-9 onto the 
cell surface, which means that embryonic cells use galec-
tin-9 to suppress T cells which attack the embryo directly. 
In contrast, cancer cells can suppress both attacking T 
cells in the tumor microenvironment as well as T cells in 
general if high levels of galectin-9 are secreted into the 
circulation. Importantly, translating our findings into a 
real-life scenario in solid tumors where T cells are often 
sparse or located peripherally, galectin-9 secretion is most 
likely triggered on the interaction of T cells with malig-
nant cells (in a CD4/CD8-independent process) protects 
the tumor microenvironment from T cell attack. The 
localized involvement of galectin-9 in this process may 
also explain why galectin-9 levels are not always elevated 
in the blood plasma of patients with cancer10, where 
tumor cells express it.

Using pharmacological inhibitors, we found that 
human cancer cells derived from solid malignant tumors 
secrete galectin-9 by proteolytic shedding of it by matrix 
metalloproteinases from the cell surface, where it was 

translocated to together with a protein carrier (Tim-3 
or VISTA). This occurs (in the systems we studied) in a 
PKC-dependent but PLC-independent manner. Given the 
increased intracellular calcium levels in cancer cells in the 
presence of T cells and the inhibiting effect of Gö6983 on 
the process, one could suggest a role for Ca2+-dependent 
and DAG-independent PKC isoforms. Intracellular Ca2+ 
levels were most likely upregulated in PLC-independent 
manner, since PLC inhibitor U73122 had no impact on 
intracellular calcium levels (online supplemental figure 
5) and galectin-9 secretion (figure 4B).

An alternative mechanism for galectin-9 secretion 
involves autophagy, including formation of autophago-
some with galectin-9 and Tim-3/VISTA most likely located 
on the cell surface. An autophagosome is then merged 
with the lysosome for secretion (lysosomal exocytosis).22 
Lysosomal proteases shed off galectin-9 inside the secre-
tion lysosome and galectin-9 is then released by exocytosis 
from the cell.

Our studies further demonstrated that galectin-9, in 
cooperation with other immune checkpoint proteins, 
can suppress both T helper and cytotoxic T cell activities. 
On one hand, it is known that the interaction of galec-
tin-9 with Tim-3 on the cell surface activates the PI-3K 
pathway.14 We confirmed that this is the case for helper T 
cells (figure 5A), where galectin-9 was derived from solid 
tumor MCF-7 human breast cancer cells. In addition, the 
PI-3K pathway leads to the activation of IL-2 expression 
and production.20 Our studies (figure 5A) confirmed that 
galectin-9 derived from MCF-7 cells also upregulates IL-2 
production in Jurkat T cells. This suggests that, in order 
to block IL-2 production, another checkpoint protein 
or suppressor may be required. It is known that PD-L1 
can upregulate SHP2 phosphatase and thus block PI-3K 
and MAP kinase pathways thus attenuating IL-2 produc-
tion.23 This mechanism also can prevent the activation 
of the anti-apoptotic protein BCL-XL23 and so possibly 
lead to the death of cytotoxic T cells caused by galectin-
9-induced granzyme B leakage. Importantly, MCF-7 cells 
used for this work do not produce PD-L1.24 Interestingly, 
they also do not produce VISTA, which similarly belongs 
to the B7 family of proteins (as PD-L1).16 We hypothe-
sized that VISTA, which was reported earlier to enhance 
cytotoxic cell killing effects of galectin-9, can also trigger 
downregulation of the PI-3K pathway/IL-2 production 
and thus ‘help’ galectin-9 to suppress both T helper and 
cytotoxic T cell activities. We found that this was indeed 
the case by coculturing LN18 high grade glioblastoma 
cells and Jurkat T cells as well as LN18 and primary 
human or mouse CD3-positive T cells. Neutralization 
of VISTA led to upregulation of PI-3K activity and IL-2 
secretion in Jurkat T cells, which suggests that VISTA can 
block the pathway. LN18 cells express barely detectable 
amounts of PD-L1.25 A similar effect was observed with 
primary mouse T cells, when neutralization of either 
galectin-9 or VISTA led to decreased viability of LN18 
cells as well as increased granzyme B release (figure 6B). 
Increased granzyme B release on neutralization of VISTA 
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is in line with our previous reports regarding the inter-
action of galectin-9 as a ligand with VISTA (acting as a 
receptor) on the surface of T cells7 and the downregula-
tory effects of VISTA on PI-3K activity and IL-2 produc-
tion in T helpers as well as the activities of cytotoxic T 
cells.26

We also confirmed the observed effect of human galec-
tin-9 secretion by human cancer cells derived from solid 
malignant tumors in in vivo studies. We found that LN18 
cells, which were subcutaneously injected to mice inter-
acted with T cells (figure  7), resulted in the release of 
galectin-9 into the microenvironment. We also found 
that human galectin-9 was present in the blood plasma 
of LN18-injected mice. Finally, isolated mouse T cells 
were “opsonised” with human galectin-9. Interestingly, 
TGF-β levels in the blood plasma of LN18-injected mice 
was highly upregulated compared with mice from the 
control group. In this case, ELISA detected both human 
and mouse TGF-β (unlike galectin-9, where we detected 
only human protein). Most likely, given the autocrine 
and paracrine rather than endocrine activities of TGF-β, 
this TGF-β was produced by T cells affected by human 
galectin-9.9 As we confirmed earlier (figure 6B), human 
galectin-9 affected mouse T cell functions. To confirm 
this effect, we exposed K562 cells, which do not operate 
studied immune evasion mechanisms,6 to primary T cells 
isolated from wild type and LN-18-injected mice. We 
found that K562 cell viability was reduced when they were 
cocultured with T cells from wild type mice but not LN18-
injected mice. This suggests that the injection of LN18 
cells leads to suppression of mouse T cells, which is in 
line with the fact that they were opsonised with human 
galectin-9 (figure 7).

Taken together, our results show for the first time that 
human cancer cells derived from solid malignant tumors 
are highly capable of secreting galectin-9 in response to 
their interaction with T cells. Galectin-9 is secreted by 
translocation onto the cell surface followed by proteolytic 
shedding as well as by lysosomal secretion associated with 
autophagy and proteolytic shedding. This strategy also 
applies when non-malignant cells (like keratinocytes) 
are exposed to T cells and thus explains how keratino-
cytes may suppress T cells during psoriasis development 
associated with the suppression of T cells attacking kera-
tinocytes followed by keratinocyte proliferation. Foetal 
cells do not secrete galectin-9 when exposed to T cells, 
suggesting that embryonic cells aim to suppress only T 
cells attacking the embryo rather than suppressing T cell 
immunity per se. VISTA potentiates the immunosuppres-
sive effects of galectin-9 also by suppressing IL-2 produc-
tion by helper T cells and possibly further preventing 
cytotoxic T cell function. This involves a negative impact 
on signaling pathways like PI-3K, affecting the activity 
of BCL-XL anti-apoptotic proteins, as well as by altering 
their membrane potential as previously reported.7 There-
fore galectin-9 itself and the expression systems associ-
ated with its production (like the TGF-β/Smad3 signaling 
pathway) could be considered as specific and highly 

efficient targets for immunotherapy in a wide range of 
cancers.
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Materials  

RPMI-1640 and DMEM cell culture media, foetal bovine serum and supplements as well as 

basic laboratory chemicals were obtained from Sigma (Suffolk, UK). Microtiter plates for 

Enzyme-Linked Immunosorbent Assay (ELISA) were provided by Oxley Hughes Ltd 

(London, UK). Rabbit antibodies against galectin-9, VISTA, granzyme B and CD3 were 

purchased from Abcam (Cambridge, UK). Anti-actin antibodies were purchased from 

Proteintech (Manchester, UK). Goat anti-mouse and anti-rabbit fluorescence dye-labelled 

antibodies were obtained from Li-COR (Lincoln, Nebraska USA). Antibodies for flow 

cytometry recognising human CD4, CD8, Tim-3 and galectin-9 as well as 

neutralising/blocking antibodies (9S2-1 for galectin-9, RPA-T4 for CD4 and DK-25 for CD8) 

were purchased from BD Biosciences (NJ, USA) and Sigma (Suffolk, UK). ELISA-based 

assay kits/antibodies for the detection of galectin-9, VISTA, IL-2 and TGF-β were purchased 

from Bio-Techne (R&D Systems, Abingdon, UK). The anti-Tim-3 mouse monoclonal 

antibody used in this work was generated by Dr. Luca Varani [14]. All other chemicals used 

were of the highest grade of purity commercially available. 

 

Cell lines and primary human cells/samples 

Cell lines used in this work were purchased from either the European Collection of Cell 

Cultures, American Tissue Culture Collection or CLS Cell Lines Service GmbH. Cell lines 

were accompanied by identification test certificates. Wilms Tumour cell line WT3ab was 

kindly provided by Dr. C. Stock (Children’s Cancer Research Institute, Vienna, Austria) and 

cultured as described previously [15]. 

Jurkat T cells, MCF-7, G401, WT-3ab, HaCaT keratinocytes and K562 were cultured in 

RPMI 1640 media supplemented with 10% foetal bovine serum, penicillin (50 IU/ml), and 
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streptomycin sulfate (50 μg/ml). LN18 cells were cultured in DMEM media supplemented 

with 10% foetal bovine serum, penicillin (50 IU/ml), and streptomycin sulfate (50 μg/ml). 

TALL-104 CD8-positive cytotoxic T lymphocytes, derived from human acute lymphoblastic 

leukemia (TALL), were cultured according to the ATCC instructions as described before [15]. 

Briefly, ATCC-formulated Iscove's Modified Dulbecco's Medium was used. To make the 

complete growth medium we added 100 units/ml recombinant human IL-2, 2.5 μg/ml human 

albumin, 0.5 μg/ml D-mannitol and 20% foetal bovine serum. 

Placental tissues (CVS, chorionic villus sampling) and amniotic fluids were collected after 

obtaining informed written consent from pregnant women at the University Hospital Bern. 

Cells were prepared and cultured as described before [9].  

Primary human or mouse T cells were isolated from PBMCs with a CD3 T cell negative 

isolation kit (Biolegend) as described before [7, 16] and resuspended in RPMI 1640 media 

supplemented with 10% foetal bovine serum, penicillin (50 IU/ml), and streptomycin sulfate 

(50 μg/ml) before co-culturing.  

Adherent human cancer cells derived from solid malignant tumours and other adherent cells 

(HaCaT keratinocytes and primary human embryonic cells) were co-cultured for 16 h with T 

cells (Jurkat T, TALL-104, primary human or mouse T lymphocytes) at a ratio of 1:1. 

Adherent cells were cultured for 24 h prior to adding T cells. In order to ensure a 1:1 ratio, 

control adherent cells were cultured for 24 h and their numbers were counted using a Fuchs-

Rosenthal counting chamber before plating. This was repeated 10 times for each cell type/line 

to ensure the correct calculation of increasing adherent cell numbers during 24 h. Primary T 

cells were centrifuged, resuspended in fresh medium and counted just before mixing with 

adherent cells. Upon completion of 16 h co-culture, conditioned cell culture medium was 

removed together with T cells (suspended cells). Remaining T cells and cell debris (if any) 
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were washed away 2-3 times using fresh cell culture medium. In some experiments, fresh 

medium was added to adherent cells and galectin-9 levels were analysed in this conditioned 

medium after 2, 3 and 4 h of culturing. The scheme of this process is presented in 

Supplementary figure 1.  

 

Supplementary figure 1. Scheme demonstrating the procedure of co-culturing adherent cells 

with T lymphocytes used in this study. 

 

FACS analysis  

FACS analysis of cell surface levels of CD4 and CD8 as well as Tim-3 and galectin-9 was 

performed as previously described [7]. Unstained cells or cells stained with isotype-matched 

IgG antibodies served as a negative control. Mean fluorescence intensities were quantitatively 

analysed (50 000 events for each variant) on Becton Dickinson FACS Calibur using Cell 

Quest Pro Software. 
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Mice 

Six-week-old C57 BL16 mice (25 ± 2.5 g) were used for the indicated experiments. All 

procedures complied with the UK Animals (Scientific Procedures) Act (1986) and were 

performed under a UK Home Office Project Licence in accordance with University of Kent 

Policy on the Use of Animals in Scientific Research (approved by the University of Kent 

animal committee). 

Animals were handled by authorised personnel in accordance with the Declaration of 

Helsinki protocols. 
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Supplementary figure 2. Expression of Galectin-9, Tim-3 and VISTA in G401 human 

kidney rhabdoid tumour cells. Expressions of Galectin-9, Tim-3 and VISTA were analysed 

in G401 cells using Western blot analysis. Images are from 1 experiment representative of 4 

which gave similar results.  
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Supplementary figure 3. TGF-β induces expressions of galectin-9 and VISTA in LN-18 

human glioblastoma cells. LN-18 cells were exposed to 2 ng/ml TGF-β for 24 h followed by 

analysis of expressions of galectin-9, VISTA and Tim-3 proteins as well as galectin-9 and 

VISTA mRNA levels. Images are from one experiment representative of four which gave 

similar results. Quantitative data represent mean values ± SEM of 4 independent experiments. 

*p < 0.05 vs control 
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Supplementary figure 4. CD4 and CD8 proteins are not involved in T cell-induced galectin-9 secretion by human cancer cells derived 

from solid malignant tumours. (A) Human cancer cells derived from solid malignant tumours were co-cultured for 16 h with primary human T 

lymphocytes (PTL) or Jurkat T cells at a ratio of 1:1 in the absence or presence of CD4 or CD8 neutralising antibodies. Cells were then separated 

and washed with fresh culture medium followed by culture for 4 h. Galectin-9 released by MCF-7 cells co-cultured with PTL was measured at 2, 

3 and 4 h (B) as well as in the medium collected after 16 h of co-culturing MCF-7 cells and PTL (C). Binding of anti-CD4 and anti-CD8 to T 

cells was assessed using on-cell Western analysis (D). Galectin-9 released by LN-18 cells co-cultured with Jurkat T cells was measured at 2, 3 

and 4 h and upon completion of co-culture (see above and point B) (E) as well as in the medium collected after 16 h of co-culturing LN-18 cells 

and Jurkat T cells (F). Binding of anti-CD4 and anti-CD8 to Jurkat T cells was assessed using on-cell Western analysis with respective 

secondary antibodies (secondary antibodies alone were added to the control) (G). The levels of CD4 and CD8 in Jurkat T cells and CD4 in LN-

18 cells after co-culture were measured using FACS analysis (H). Images are from 1 experiment representative of five which gave similar results. 

Flow cytometry plots are from 1 experiment representative of 3 which gave similar results. Data are the mean values ± SEM from 4 independent 

experiments.  
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Supplementary figure 5. T cells trigger upregulation of intracellular calcium levels in 

MCF-7 human breast cancer cells. MCF-7 cells were co-cultured with Jurkat T cells for 16 

h in the ratio 1:1. Intracellular calcium levels were measured in MCF-7 cells as outlined in 

Materials and Methods. Quantitative data represent mean values ± SEM of 6 independent 

experiments. *p < 0.05 vs control. 
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Supplementary figure 6. T cells induce translocation of VISTA onto the surface of LN-

18 cells. LN-18 cells were co-cultured with Jurkat T or primary human T cells for 16 h in the 

ratio 1:1. VISTA levels on the cell surface were measured using on-cell Western analysis. 

Images are from one experiment representative of five which gave similar results. 

Quantitative data represent mean values ± SEM of 5 independent experiments. *p < 0.05 vs 

control. 
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Supplementary figure 7. Tim-3 and galectin-9 levels on the surface of LN-18 cells are 

similar upon completion of co-incubation with Jurkat T cells. (A) LN-18 cells were co-

cultured with Jurkat T cells as described above. Cells were then separated and Tim-3 and 

galectin-9 levels on their surface were measured by FACS analysis (B). Flow cytometry plots 

are from 1 experiment representative of 3 which gave similar results.  
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