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ARTICLE INFO ABSTRACT

Keywords: Triple-negative breast cancer (TNBC) is an aggressive subtype that accounts for 10-15 % of breast cancer. Current
Triple negative breast cancer treatment of high-risk early-stage TNBC includes neoadjuvant chemo-immune therapy. However, the substantial
Galectin-3

variation in immune response prompts an urgent need for new immune-targeting agents. This requires a
comprehensive understanding of TNBC’s tumor microenvironment. We recently demonstrated that Galectin-3
(Gal-3) binding protein/Gal-3 complex secreted by TNBC cells induces immunosuppression, through inhibiting
CD45 signaling in T cells. Here, we further investigated the interaction between secreted Gal-3 and T cells in
TNBC.

Using CRISPR/Cas9 gene editing of the TNBC MDA-MB-231 cell-line, we obtained Gal-3 negative™® clones.
We studied these in an in-vitro model, co-cultured with peripheral blood mononuclear cells (PBMC) to imitate
immune-tumor interaction, and in an in-vivo model, when implanted in mice.

Gal-3"°¢ tumors in mice had decelerated tumor growth after PBMC inoculation. In contrast, the Gal-3 pos-
itive®® tumors continued growing despite PBMC inoculation, and tumor T regulatory cell (CD4/FoxP3+)
infiltration increased. RNA sequencing of T cells from women with TNBC with elevated plasma levels of Gal-3
revealed significantly lower expression of oxidative phosphorylation genes than in T cells from healthy
women. Similarly, in our in-vitro model, the decreased expression of oxidative phosphorylation genes and
mitochondrial dysfunction resulted in a significant increase in CD8 intracellular reactive oxygen species.
Consequently, T exhausted cells (CD8/PD1/Tim3/Lag3+) significantly increased in PBMC co-cultured with Gal-
3P% TNBCs.

To conclude, we revealed a novel TNBC-related Gal-3 suppressor mechanism that involved upregulation of
CD4 T regulatory and of CD8 T exhausted cells.

T exhausted cells
Oxidative phosphorylation

Introduction eight women worldwidel. Although great progress has been made in
early detection and treatment, breast cancer remains the second cause of
Breast cancer is a highly heterogeneous disease that affects one in cancer-related mortality in women, after lung cancer?. Triple-negative

Abbreviations: Gal-3, Galectin-3; TNBC, Triple Negative Breast cancer; PBMC, Peripheral blood mononuclear cells; T-reg cells, T regulatory cells; ROS, Reactive
oxygen species; rGal-3, Recombinant Gal-3; WT, Wild type; Gal-3"°%, Gal-3 mutated clones; Gal-3°*, Gal-3 WT clones.
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breast cancer (TNBC), which accounts for 10-15 % of all breast cancer, is
associated with the worse outcome [1,2]. Neoadjuvant chemo-immune
therapy is the current clinical approach, aimed to prevent metastases
in women with stage II and III TNBC. This regimen includes paclitaxel,
carboplatin, anthracyclines and cyclophosphamide, in combination with
pembrolizumab, an antibody targeting the immune checkpoint receptor
programmed-cell death 1 (PD-1) [3]. Despite this protocol the prognosis
is poor, prompting an urgent need for novel immune-targeting agents
[4]. This requires comprehensive understanding of TNBC’s molecular
characteristics and tumor microenvironment including tumor immune
interactions.

Galectin 3 (Gal-3) was described as an immune suppressor in various
cancers. Overexpression of Gal-3 in tumor cells promotes its accumu-
lation in the cytoplasm. Gal-3 is then transported to the cell surface and
subsequently secreted to the extracellular space and circulation without
a secretory signal sequence [5-10]. In the extracellular environment,
Gal-3 intervenes in cell-cell and cell-matrix interactions and immuno-
suppression [11]. Galectin-3 has been shown to interact with cadherins
and other cell surface glycoproteins, thereby influencing cell adhesion
processes [11]. Additionally, it forms complexes with integrins and
other proteins to activate signaling pathways that facilitate tumor cell
adhesion to stromal cells [8]. Furthermore, Galectin-3 induces down-
regulation of TCR/CD3 complexes in T cells following TCR engagement,
leading to T-cell inactivation [12]. Elevated levels of Galectin-3 have
been observed in both the plasma and tumors of women with TNBC,
associated with poor prognosis [13]. We recently proposed a novel
immunosuppressive mechanism, which may lead to new therapeutic
approaches for non-responders to current therapeutic strategies. We
showed that Gal-3 binding protein/tGal-3 complex is secreted by TNBC
cells, and regulates immunosuppressive activity [14,15]. We further
demonstrated that the Gal-3 complex increases the proportion of T
regulatory cells (T-reg) in normal peripheral blood mononuclear cells
(PBMCs) and induces increased secretion of the immunosuppressive
cytokines IL- 10 and IL-35. We showed that the complex binds to the
CD45 receptor on T cells and that it significantly increased interferon
gamma (IFNy) secretion and the percentage of CD4+/CD69+,
CD8+/CD56+ and CD56+/CD69+ activated effector cells, which
resulted in tumor cell killing [14,15].

In this study, we demonstrated additional contributions of secreted
Gal-3 from TNBC cells to immunosuppression. We demonstrated that
Gal-3 induces infiltrated T-reg in a TNBC in vivo model. For the first
time, we revealed that Gal-3 induces a decrease in the genes involved in
oxidative phosphorylation in T cells, which subsequently increases
intracellular reactive oxygen species (ROS), leading to T cell exhaustion.

Material and methods
The cell line and cell cultures

We used MDA-MB-231 (obtained from ATCC, Biological Industries,
Kibbutz Beit Ha Emek, Israel), a human TNBC cell line. Cells were grown
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 %
fetal calf serum (FCS), r-glutamine (2 mM), Na-pyruvate (1 nM), peni-
cillin (100 p/ml), streptomycin sulfate (0.1 mg/ml) and nystatin (12.5
p/ml) (Biological Industries). Cultures were maintained at 37°C in a
humidified 5 % CO; incubator. To maintain homogeneity and tumori-
genicity of the cell line, a large stock of cells was prepared, and cells
were used up to passage five. The cell line was examined for myco-
plasma (mycoplasma detection kit, Biological Industries) at least once
every six months.

PBMCs from healthy female volunteers and from TNBC patients were
obtained from Magen David Adom National Blood Services or from
Davidoff Cancer Center, Rabin Medical Center. The protocol was
approved by the Institutional Review Board at Rabin Medical Center,
Israel (0667-14-RMC). Samples were isolated by Ficoll-Hypaque density
gradient (d = 1,077 g/mL, Ficoll-Paque Plus, GE Healthcare, Upsalla,

Neoplasia 60 (2025) 101117

Sweden) by centrifugation at 650 x g for 30 min. MDA-MB-231 cells
derived from an exponentially growing monolayer were incubated
overnight in 6-well plates at a concentration of 4 x 10°/2 ml for each
experiment. PBMCs were cultured in complete RPMI medium, supple-
mented with 5 % AB serum (Gibco, Brasil), and were added on to the
tumor cells (2 x 106/ml). Recombinant Gal-3 (rGal-3) protein at 2ug/ml
(R&D Systems, USA) was added to the Gal-3"% clones.

T cell isolation from PBMCs

T cells were isolated by negative selection using the Pan T isolation
kit (Miltenyi Biotec, USA) following the manufacturer’s instructions.
After separation, >90 % of the cells were identified as CD3+ by flow
cytometry analysis.

CRISPR/Cas9 genome editing of Gal-3

Gal-3"%% cells were generated by the CRISPR/Cas9 gene editing
method. The guide was designed by the "GoGenome" software generated
by the CRISPR-IL consortium. The guide sequence: CATGGTTTGAAG-
CATCCACA GGG targets ch14:55133375. To genetically edit MDA-MB-
231 cells, we used the ribonucleoprotein system (the Alt-R® CRISPR-
Cas9 System, IDT) and the 4D electroporation system (Lonza, Basel,
Switzerland) with the SE buffer and program CH125. Forty-eight hours
after electroporation we harvested the cells and extracted DNA to
analyze editing by next generation sequencing (NGS). Polymerase chain
reaction (PCR) was performed to amplify the edited region using the
following primers: Forward 5° -GGGCCACCATGTTATCTCTCTG-3" and
Reverse: 5" -GTACTGTCCTGCCATCTCACTG-3". A second PCR was done
with Illumina barcode primers. Barcoded PCR was analyzed by NGS
(Illumina) and the results were analyzed in the CRISPRESSO2 software.
The cells were diluted to single cells per well, to generate genetically
homogenous sub-clones. DNA was extracted from each clone PCR
product, sent to Sanger analysis and detected with ICE software (Syn-
tego). Guide specificity was studied by GuideSeq analysis (performed by
HYLABS). Predicted changed loci in the genome were further amplified
and studied by NGS with specific primers (Supplementary Table 1).

Gal-3 mRNA expression

Gal-3 RNA expression was studied by real time (RT)-PCR. mRNA was
isolated with Trizol (Invitrogen, Thermo Fisher Scientific, USA) and
c¢DNA was prepared. cDNA was detected using the primers: Forward 5'-
GCGTTATCTGGGTCTGGAAACC-3" and Reverse: 5'-GCACTTGGCTGTC-
CAGAAGATG-3" at 60°C annealing temperature and analyzed by RT-
PCR.

Gal-3 cell surface protein expression was evaluated by flow cytom-
etry analysis using anti-Gal-3-PE, 0.125pg/0.5 x 10° cells (R&D Sys-
tems). Cells were trypsinized, and 0.5 x 10 cells/50 ul of phosphate
buffered saline (PBS) were incubated with the anti-Gal-3 antibody for 30
min at room temperature. Cells were washed and gated live cells were
analyzed using the Coulter Navious FACS and the Kaluza software.

For total Gal-3 protein expression studies, we used Western blot.
Cells (1 x 10%) were re-suspended in 0.12 ml of lysis buffer (20 mM Tris-
HCl pH 7.5, 150 mM NaCl, 1 mM NaF, 2 mM Na3VOa4, 1 % NP40, 10 mM
b-glycerophosphate, 30 % glycerol, 1 mM EDTA,0.5 % sodium-
deoxycholate, 0.5 % protease inhibitor cocktail), followed by one
freeze-thaw cycle of 20 min. Cells were harvested and centrifuged
(14,000 rpm, 15 min, 4°C). Supernatants were collected, and aliquots
were separated on 10 % SDS PAGE, followed by Western blotting with
anti-Gal-3 biotinylated 0.1ug/ml (R&D Systems, USA). The secondary
antibody, IRDye 800CW Goat anti-Rabbit or IRDye 680CW Goat anti-
Mouse (1mg/ml, LI-COR, Nebraska, USA) was added for 1h. Secreted
Gal-3 was evaluated by a method developed in our laboratory and
previously published [15].
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Colony formation

Spheroid formation was performed following Yamaguchi et al. [16].
In brief, dissociated MDA-MB-231 monolayers (Passage 3) were resus-
pended in medium to obtain a single cell suspension. TNBC cells (5 x
10* cells/well) were added to Nunc®Low Cell Binding Surface 96-well
plates (Thermo Scientific Nunc A/S, Denmark) and incubated in
DMEM medium supplemented with FBS and penicillin-streptomycin at
37°C for up to 7 days.

Cell proliferation

MDA-MB-231 cells (1000 cells/well) or PBMCs (40,000 cells/well)
were seeded on 96 wells in triplicates, and proliferation was measured
using the Cell Proliferation Kit (Sartorius, USA) following manufacture
instructions, after 1 day or 3 days, respectively.

Tumor xenograft growth in mice

The animal experimental procedures used in this study were
approved by the Animal Care and Use Committee of Tel Aviv University
(TAU 06-01-20220) and performed according to their guidelines. Tumor
xenografts were generated by subcutaneously injecting 4 x 10° wild
type (WT) MDA-MB-231(Gal-3P%) cells, or 4 x 10° Gal-3 mutated (Gal-
3") cells into the right flank of NOD/SCID/gamma-chain knockout
(NSG) female mice (7-8 weeks of age; each weighing 18-22 g). Mice
were randomized to two groups (8-10 mice/group): Gal-3P* cells and
Gal-3"% cells. Tumor volumes were measured every other day using
micrometer calipers and were calculated according to the following
formula: tumor volume (mm®) = 0.5 x D x d%, where d and D represent
the shortest and the longest diameters, respectively. One week after
tumor injection, when the xenograft grew to approximately 30 mm?,
fresh human PBMCs from two female donors were inoculated by an
intravenous injection, into half of the mice for each donor. At the end of
the experiment (23 days after the administration of the PBMCs), the
mice were bled for the measurement of human IL-35 in serum and
sacrificed for the extraction of tumors (Fig. 3A).

Immunofluorescent staining

Tumor tissues underwent 4 % formalin fixation overnight at 4°C and
paraffin embedding. The specimens were then sliced into 5-pum-thick
sections, and deparaffinized in xylene and rehydrated in alcohol. After
antigen retrieval at pH=6 and washing with deuterium depleted water
(DDW), the sections were blocked in bovine serum albumin (BSA) 3 %
(Bioworld, Canada) and 10 % Triton-X100 (Merck KGaA, Germany) for
10 min. After washing with PBS, the slides were incubated for 1 h with
primary antibodies: CD3-APC (1:50, Beckman Coulter, France), FOXP3-
FITC (0.1 pg, R&D systems) and Gal-3-PE (1:25, R&D systems), HLA-A
(Rabbit Monoclonal, cat#Ab52922, 1:100, Abcam, followed by Alexa
Fluor 488 AffiniPure Donkey anti Rabbit IgG, 1:200 from Jackson
Immunoresearch Laboratories, USA). Slides stained with an IgG irrele-
vant antibody and secondary antibodies served as negative controls.
Human-derived PBMC paraffin slides served as positive controls. DAPI
(4',6-Diamidino-2-P henylindole, Dilactate) (cat#BLG-422801, 1:400,
Biolegend, USA) was used as counterstain. Fluorescence was observed
and images acquired using a Leica TCS SP5 confocal laser-scanning
microscope (Leica Microsystems, Germany). Quantitative image anal-
ysis was performed using FIJI (Image J2) analysis software in five fields/
slide in five distinct slides.

Flow cytometry analysis for identifying activated and suppressed immune
cells

PBMCs (2 x 10%/ml) were seeded on Gal-3"¢/P°S cells and rGal-3 was
added for 3 or 5 days. Then, PBMCs were extracted from the co-cultures,
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centrifuged and resuspended in PBS (5 % FBS (Gibco, Brasil) and 1 % Na
Azide, SIGMA Aldrich, USA) for flow cytometry analysis. To assess T-
reg, PBMCs (0.5 x 10%/50 pl PBS) were incubated with the following
antibodies for multicolor staining, for 40 min at room temperature: CD4-
PC7, CD8-KO, CD25-APC-AF 750 and CD69-PC-5 (Beckman Coulter,).
For FOXP3 intracellular staining, cells were treated with permeabiliza-
tion buffer (R&D Systems). Cells were then washed twice for 10 min
(1200 rpm, 4°C).

To assess T exhausted cells, the following antibodies were used: CD8-
KO, (Beckman Coulter), PD1-AF647, LAG3-AF700 and TIM3-AF405
(R&D System, USA). To assess intracellular ROS, the Cellular ROS-
FITC Assay kit (Abcam, cat Number: ab113851, USA) was used.

RNA sequencing

RNA was isolated from PBMCs of four healthy female donors and of
four women diagnosed with TNBC stage 4, using RNeasy Plus mini-Kit
(Qiagen). All the samples were procured according to the protocol
approved by the Institutional Review Board of the Rabin Medical Center
(0667-14-RMC).

Bulk RNA-seq analysis: raw reads were quality-trimmed, and the
remaining adapter sequences were removed using cutadapt (v2.10)
[17]. Processed reads were aligned to the human genome version
GRCh38 (with genome annotations of Ensembl release 99) using TopHat
(v0.11.9) [18]. Quantification was done with htseq-count (v0.6.0) [19],
with strand information set to 'reverse’. Differentially expressed genes
were identified using DESeq2 (v1.26.0) [20]. Pair-wise comparisons
were tested with default parameters, except for omitting the indepen-
dent filtering algorithm. The significance threshold was set to padj<0.1
(default).

RNA-Seq counts were converted to TPM, the recommended unit for
deconvolution analysis [21]. This was performed using CIBERSORTX, a
machine learning method that enables estimating cell type abundances
from bulk tissue transcriptomes and calculating cell-type-specific gene
expression profiles [22]. The ABIS RNA-seq signature matrix [23],
which has demonstrated a T-cell fraction of 50-70 %, was employed
rather than LM22, CIBERSORTX’s signature matrix. The latter indicated
overestimation of the monocyte fraction (30-40 % instead of the ex-
pected 10-20 %). The RNA-Seq raw counts were converted to TPM using
the convertCounts function from R DGEobj.utils package (with nor-
malize=none, and log=FALSE parameters). The length per gene was
defined as the length of merged exons of the gene’s isoforms, calculated
with GTFtools [24]. GRCh38 genome and Ensembl 99 annotations were
used. From the initial pool of 26,094 genes, those with low expression
and zero variance were filtered out. DEGs of the T-cell gene expression
profile of PBMCs of women with TNBC vs those of healthy women were
identified using the limma package [25]. TPMs were log2-transformed,
and gene-level variance was modeled using the limma-trend. Non--
cutoff-off dependent downstream analysis was conducted by performing
Gene Set Enrichment Analysis (GSEA) [26] using the GENI web-based
platform [26]. The genes that were used in this analysis were ranked
by a metric of multiplication of -log10(Pval), with —1/1 for the upre-
gulated and downregulated genes, respectively.

Oxidative phosphorylation gene expression

We isolated T cells from PBMCs of healthy donors and from women
with TNBC before treatment. Then, we used a co-culture TNBC model
consisting of PBMCs incubated with Gal-3P% or Gal-3"% clones, with or
without rGal-3. We extracted RNA from the isolated T cells as described
above.

RNA quantity and quality were determined by OD at 260 and 280 nm
using nanoDrop 1 (Thermo Scientific, USA). RNA was converted to
cDNA using the High-Capacity RNA to ¢cDNA kit (Thermo Fisher Scien-
tific). The SYBR green system (Applied Biosystems, Thermo Fisher Sci-
entific., USA) was used to target genes. Fluorescent accumulation was
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analyzed by StepOnePlus RT-PCR (Applied Biosystems, Thermo Fisher
Scientific, USA). GOene expression was normalized to GAPDH. The
primer pairs from Hy Laboratories LTD, (Israel) are listed in Supple-
mentary Table 2.

Cytokine secretion

IL-10 concentrations were determined with ELISA Ready SET-Go
(eBioscience, Thermo Fisher Scientifics, USA) according to the manu-
facturer’s instructions. Human IL-35 was determined with ELISA using
kits from Elabscience Biotechnology following the manufacturer’s
instructions.

Statistical analysis

All experiments were independently replicated at least three times.
Statistical analyses were performed using GraphPad Prism 2024 soft-
ware. Results are presented as mean + standard deviation (SD) or
standard error (SE), as appropriate. A two-tailed Student’s t-test was
used for experiments with a single outcome, and one-way ANOVA was
applied for comparisons involving multiple groups. A p-value of <0.05
was considered statistically significant.

Results
Gal-3 knocked-out in the MDA-MB-231 TNBC cells

To determine the effects of Gal-3, we knocked-out Gal-3 in MDA-MB-
231 TNBC cells using the CRISPR/Cas9 genome editing method. A
designed guide located in exon 1 of Gal-3 with Cas9 protein efficiency
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cut the Gal-3 gene (89.56 %). Deletion of one nucleotide was apparent in
37 % of the bulk-edited cells (Supplementary Fig.1). As a result of
CRISPR editing, the isolated clone 1 is a compound heterozygous for two
variants, including a single nucleotide deletion and a single nucleotide
insertion, both leading to frameshift. Clones 2 and 3 are homozygous for
a single nucleotide frameshift variant. The WT Gal-3P° clone was iso-
lated from edited cells in which Gal-3 was uncut (Fig. 1A). Off-target
analysis revealed a mutation in the ITGA10 gene (Supplementary
Fig. 2). However, this mutation was found in all the clones, including the
Gal-3"* control. RT-PCR revealed significantly lower Gal-3 mRNA
expression (Fig. 1B). Western blot and flow cytometry analysis revealed
cell surface and total protein downregulation in the negative clones
(Fig. 1C and D respectively). We observed significantly lower expression
of Gal-3 total protein (3-fold, p = 0.02, Fig. 1C). Cell surface protein
expression was significantly lower, by 6-fold (p = 1.9 x 10°°). In the Gal-
3"%8, the overall protein expression was significantly lower than in the
Gal-3P% clones. Whereas Gal-3 mRNA was lower in only 50 %, Gal-3
secretion was lower by 2-fold in the Gal-3"¢ clones (Fig. 1E) (p = 2.3
x 10®). In agreement, the concentration of Gal-3 was lower in the
plasma of healthy women than of TNBC patients (Fig. 1F), although
large variability was noted within the groups.

Gal-3 affects tumor cell and leukocyte proliferation

To assess whether Gal-3 affects tumor cell proliferation, we
compared the proliferative capacity of the mutated and the Gal-3P%
clones. In 10 repeated experiments, we observed significantly lower
proliferation of the Gal-3"°® clones (1.6-fold lower, p = 0.000001,
Fig. 2A). This result correlated with the capacity of cells to form 3D
spheroids. The capacity was significantly lower for the Gal-3"°¢ than the
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Gal-3P% clones (1.44-fold less, p = 0.0001, Fig. 2B).

Subsequentially, we evaluated the effect of Gal-3 on PBMC prolif-
eration. For this, PBMCs from healthy women were incubated with su-
pernatants generated from cultures of Gal-3"® clones, with and without
the addition of rGal-3, and with supernatants of WT clones (Fig. 2C). The
mean PBMC proliferation was significantly lower following the addition
of rGal-3 to supernatants of Gal-3"°8 clones (1.9-fold less, PBMCs from
five volunteers, p = 0.001). These results correlated with 1.5-fold lower
PBMC proliferation when cultured with supernatants of WT clones (n =
10, p = 0.003).

Gal-3 impacts tumor growth and increases infiltrated T-reg in vivo

To confirm the tumor cell anti-proliferative effect of Gal-3, we per-
formed an in vivo experiment. Mice were subcutaneously inoculated
with Gal-3"°¢ or Gal-3P* clones. Human PBMCs from healthy women
were intravenously injected one week after tumor engraftment (Fig. 3A).

As observed for cell proliferative capacity in vitro, the growth rate of
tumor cells from the Gal-3"% clones was lower than that of the Gal-3P%
cells (p > 0.05 at all time-points). Nevertheless, during the first 10 days,
the mutated cells maintained a steady rate. However, one week after
PBMC inoculation, reduced cell growth was detected (Fig. 3B). We hy-
pothesized that this deceleration in tumor growth indicated involvement
of Gal-3 on human leukocytes. To further examine this, we first vali-
dated the expression of Gal-3 in the tumor (in red), and found it under

expressed in mutant clones (Fig. 3C, a representative mouse biopsy
stained with anti-human HLA-A antibody (green) to identify the human
tumor cells engrafted in mice).

We subsequently detected a direct correlation between the number
of T-reg infiltrated cells (CD3+FOXP3+) and CD3+ cells in the same
samples (Fig. 3D). Though the numbers of CD3P* cells were similar in
the two groups, the number of T-reg was greater in the biopsies of Gal-
3P% than Gal-3"°® cells (p = 0.004, Fig. 3E). The increase in T-reg in the
WT cells correlated with a greater increase of IL-35 in the serum of mice
injected with Gal-3P% cells than with mutated cells (p = 0.006, Fig. 3F).

Secreted Gal-3 induced an increase in T-reg

To further examine the effect of Gal-3 on T-reg, we performed an in
vitro experiment. After adding r-Gal-3 to co-cultures of PBMCs, T-reg
was 2.5-fold greater in those with Gal-3 "® clones (p = 0.0007, Fig. 4A).
Similarly, for PBMCs incubated with Gal-3P° clones, T-reg was 1.9-fold
greater than in the Gal-3"® clones (p = 0.031 vs mutants). The pro-
portion of T-reg did not differ significantly between PBMCs incubated
with Gal-3"%% treated with rGal-3 and Gal-3P% cells. These results
correlate with the significant increase in IL-35 in supernatants of PBMCs
cultured with Gal-3"°8 clones with the addition of r-Gal-3 (p = 0.034,
Fig. 4B), or PBMCs cultured with Gal-3° clones (p = 0.001, Fig. 4C). A
significant increase was also observed in IL-10 in the same supernatants
of the co-cultures (p > 0.05 for both vs Gal-3"°8). In contrast, the
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Figure 3. The effect of Gal-3 on tumor growth and infiltrated T reg cells in vivo.

A. The scheme of the mice experiment protocol. B. Tumor volume is compared following the injection of Gal-3"°¢ vs. Gal-3P°° (mean=+SE of 8-10 mice in each group,
significance was calculated by the T-test). PBMCs of healthy women were intravenously inoculated one week after tumor injection. Below, four samples per group of
gross tumor images. C. Confocal microscope immunofluorescent staining images of the expression of Gal-3 in Gal-3P° and Gal-3"%. In green, HLA-A was used to
identify human tumor cells. In red, Gal-3. Dapi (blue) was used for nucleai staining. Scale bar=20pm. D. Confocal microscope immunofluorescent staining images of
T-reg. Human HLA-A+ tumor cells are in red. CD3, used to identify T cells, are in purple. In green is FOXP3 staining. In yellow are T-reg and tumor cells that express
FOXP3 and CD3. The scale bar=20pm. Arrows show T-reg cells in both groups. E. The bar graph shows mean+SE of CD3/FOXP3 positive cells in three slides of four
mice injected with Gal-3P* clones compared to Gal-3"°® clones (mean=+SE, significance calculated by the T-test). F. IL-35 concentration (pg/ml) in the serum of six

mice in each group (mean=SE, the significance was calculated by the T-test).

proportion of activated cells (CD4"/CD69") was lower following the
addition of r-Gal-3 to the Gal-3"°¢ clones, as well as in the PBMCs
incubated with the Gal-3P% clones (Fig. 4D). Anti Gal-3 antibody
decreased the percentage of T reg cells in Gal-3 pos co-cultures (Sup-
plementary Fig. 3).

T cells from TNBC patients showed significantly lesser oxidative
phosphorylation gene expression

To reveal immune dysregulation relevant to women with TNBC, we
performed RNA seq of PBMCs collected from women with TNBC and
from healthy women. Downstream analysis of 1460 differentially
expressed genes (DEGs, Padj<0.1) revealed enriched pathways
involving myeloid cell lines, even though PBMCs typically comprise
70-90 % lymphocytes (data not shown). This finding suggests variation
in PBMC purification among the samples, possibly related to technical
variations at a number of steps.

To address this variability, data deconvolution was performed to
isolate a T-cell gene expression profile from RNA-Seq results. T-cells
were selected due to their accuracy of deconvolution calculations for cell
populations comprising a significant percentage of the total cell popu-
lation [27]. GSEA of the PBMC T-cell gene expression profiles showed
that the oxidative phosphorylation (MSigDB hallmark) gene set was
significantly enriched in the down-regulated genes in the TNBC patients
compared to the healthy women (false discovery rate <0.05) (Fig. 5A
and B, before and after deconvolution, respectively). The

downregulation of MDH2, SUPV3L1, GOT2 and GPI genes highly
contributed to the enrichment of downregulated genes in the oxidative
phosphorylation (MSigDB hallmark) of the women with TNBC
compared to the healthy women (Fig. 5C).

To validate the results obtained by the bioinformatic analysis, we
selected the five genes with the highest statistical differences, from all
the genes that were involved in oxidative phosphorylation and down-
regulated in women with TNBC. T cells were isolated from co-cultures of
PBMCs, with the different clones, to evaluate gene expression. We
compared the gene expression of T cells isolated from six women with
TNBC vs T cells from healthy women (Fig. 5D). We observed lesser gene
expression of SLC25A6 (34 %), MDH2 (43 %), GPI (54 %) and GOT2 (80
%). Only for SUPV3L1 was the expression greater, by 50 %. Similarly,
the expression levels of all the genes in T cells isolated from the co-
cultures were lower for those with Gal-3P% than with Gal-3"°® clones
(Fig. 5E). T cells from the Gal-3P° co-cultures showed lower expression
of SLC25A6 in 46 % (p = 0.00005), lower MDH2 expression in 29 % (p =
0.007), lower SUPV3L1 in 23 % (p = 0.01) and lower GOT2in 59 % (p =
0.002). GPI expression was lower but not significantly (p = 0.1), prob-
ably due to its genetic variants [28].

Gal-3 induced intracellular ROS and an increase in T cell exhausted cells

Mitochondrial dysfunction is characterized by decreased expression
of genes related to oxidative phosphorylation [29] and can lead to
increased intracellular ROS [30]. We observed a 2.6-fold higher
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intracellular ROS in CD8 cells isolated from co-cultures of Gal-3"°8
clones treated with rGal-3 vs PBMCs incubated with Gal-3"°¢ (p = 0.03,
Fig. 6A). Similarly, CD8 T cells isolated from co-cultures with Gal-3P%
clones showed 2.3-fold higher intracellular ROS compared to mutants (p
= 0.03). No statistical difference was noted following the addition of
rGal-3 to the Gal-3"°® or to the Gal-3P% co-cultures. We also observed a
greater proportion of T cell exhausted cells, marked by PD-1, TIM-3, and
Lag-3 expression. The addition of rGal-3 induced a 1.9-fold increase in T
exhausted cells (p = 0.04) after 5 days in culture (Fig. 6B). A similar
increase in exhausted T cells was noted in T cells isolated from
co-cultures with Gal-3P% cells (1.6-fold increase, p = 0.011). After 3 days
of incubation, no significant differences in intracellular ROS and
exhausted T cells were detected between the 3 groups (Supplementary
Fig. 4A, B).

Discussion

In this study we describe novel immunosupressive functions of Gal-3
secreted from TNBCs, which impacted both CD4 and CD8 cells. To
examine the immunosuppresive mechanisms of Gal-3, we generated Gal-
3"¢8 clones in MDA-MB-231 TNBC cells, and assembled in vitro and in
vivo models.

We found significantly higher levels of Gal-3 in the plasma of women
with TNBC than in healthy women. Of note, the TNBC blood samples
demonstrated variable Gal-3 levels, which may be due to the hetero-
geneity of the disease [31]. To reproduce the heterogeneity of TNBC
pathology, we used our in vitro model, which consisted of co-culture of
PBMCs from healthy women with either Gal-3P° or Gal-3"°® clones [32,
33]. Gal-3 extracellular and plasma levels in TNBC patients are known to
correlate with chemotherapy efficacy. Increased Gal-3 secretion due to
chemotherapy was related to better prognosis and longer disease-free
survival [34]. In contrast, another study revealed that a high Gal-3
concentration in the plasma of TNBC patients was associated with
greater tumor size, particularly in those who did not respond to
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chemotherapy [35]. Higher Gal-3 levels were also reported in TNBC
compared with other breast cancer subtypes and were related to its poor
prognosis [13]. This was attributed to a protective role of Gal-3 in
human breast cancer cells against tumor necrosis factor a and nitric
oxide-induced apoptosis [36].

Our first approach was to examine the effect of extracellular Gal-3 on
TNBC cells. We demonstrated that Gal-3 induced tumor growth and 3D
spheroid formation. In the spheroid formation and the in-vivo study, we
observed that cells did not lose their capacity to replicate, but growth
rate acceleration was noted in the presence of Gal-3. In contrast, pre-
vious studies using MDA-MB-435 melanoma cells, showed down-
regulation of Gal-3 expression, which resulted in reduced tumor growth
in vivo [37,38].

In our in vivo model, tumor growth started to decelerate six days after
human PBMC transplantation in mice injected with Gal-3 mutated
clones. This development was evidently linked to the immunosuppres-
sive role of Gal-3 [15,39]. Gal-3 binds carbohydrate ligands in cell
membrane glycoprotein receptors like CD45, and the T cell receptor.
This alters the spatial organization of the immune synapses, and results
in the suppression of T cell activation [14,39,40]. We found that over-
expression of Gal-3 correlated with higher numbers of infiltrated T-reg
and with higher levels of IL-35 in the serum of mice inoculated with
Gal-3P% tumors. This is probably due to the binding of extracellular
Gal-3 to CD45 on T cells [15]. These results were validated in vitro by the
addition of rGal-3 to co-cultures of PBMCs with Gal-3"¢¢ clones, which
resulted in higher numbers of T-reg and of interleukins 10 and 35 in
co-culture supernatants. Recent studies highlight the role of
tumor-infiltrating macrophages (TAMs) as a negative prognostic factor
in breast cancer, aligning with their significant involvement in the tumor
microenvironment [41]. Effect of Gal-3 on TAMs represents a promising
area for further exploration, especially for the understanding of the
interplay between TAMs and T cells in the TNBC immunosuppresive
microenvironment.

Given the higher levels of secreted Gal-3 in TNBC and the aim to

B
25
P=0.04 P=0.011
20
L]
©
o
E 15
"
=
@©
< 10
o
[
X
5
0
Gal-3 neg Gal-3 neg+r- Gal-3 pos
Gal-3
CD8*/PD1 Gated cells
Gal-3"e Gal-3"¢+ r-Gal-3 Gal-3p°s
B ] B 20

LAG3*

Figure 6. The effect of Gal-3 on intracellular reactive oxygen species (ROS) and T exhausted cells.

A. Flow cytometry analysis of the percentage of intracellular ROS in gated CD8+ cells from co-cultures of PBMCs with Gal-3" + r-Gal-3 or with Gal-3P°° clones. The
mean+SE was calculated from seven experiments using PBMCs from different healthy women. The statistical significance was calculated by ANOVA. Below, a
representative flow cytometry analysis of gated CD8+/ROS+ cells. B. Flow cytometry analysis of the percentage of CD8/PD1 gated cells positive for Tim-3 and Lag-3
(T exhausted cells) in the three groups after 5 days incubation. Mean+SE of 14 experiments. The statistical significance was calculated by ANOVA.
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reveal the mechanism of Gal-3 immunosuppression induction, we used
RNA-sequencing to compare PBMCs of women with metastatic TNBC to
those of healthy women. After deconvolution, we observed significant
lower expression of genes involved in oxidative phosphorylation, spe-
cifically in T cells of TNBC patients. In agreement, T cells isolated from
the peripheral blood of women with TNBC showed downregulation of
SLC25A6, MDH2, GPI and GOT2, as evaluated by RT-PCR. Only the
SUPV3L1 gene showed slightly greater expression in T cells of women
with TNBC than in healthy women. This latter result could be related to
differences between the women in their levels of Gal-3. In our in vitro
model, we further evaluated the expression of those five genes by RT-
PCR. The expression was lower of SLC25A6, MDH2, SUPV3L1, GPI and
GOT2 in isolated T cells co-cultured with Gal-3P° TNBC cells, compared
to T cells co-cultured with Gal-3"®8 TNBC cells. Previously, Gal-3 was
shown to be involved in mitochondrial metabolism in tumor cells, by
improving the metabolic reprogramming of tumors, which enabled
adaptation to the stressed microenvironment caused by oxygen and
nutrient deprivation [42,43]. In addition to their involvement in mito-
chondrial functions, SLC25A6 and MDH2 expression are associated with
the proliferation of activated T cells [8,44]. SUPV3L1 downregulation
was found to induce cell apoptosis [45]. GPI expression was linked to the
initiation of T cell activation through the antigen receptor complex, as
well as the regulation of ongoing responses supported by enduring an-
tigen exposure [46]. All TNBC patients in this study were Stage 4, and
their plasma and PBMC samples were collected prior to treatment.
Plasma Gal-3 levels were evaluated in these patients, though due to the
small sample size (n = 7), no statistical correlation was drawn between
plasma Gal-3 levels and other molecular data such as RNA sequencing or
T cell gene expression.

In people with cancer, T-cells are continuously stimulated by expo-
sure to tumor antigens, which eventually lead to an exhausted differ-
entiated state [47]. A central feature of T cell exhaustion relates to an
impaired mitochondrial state, which results in increased ROS produc-
tion [48,49]. CD8+ T cells with depolarized mitochondria were found to
be non-proliferative and hypofunctional, while expressing higher levels
of exhaustion markers Tim-2, Lag-3 and PD1 [50]. In this study we
observed significantly lesser lymphocyte proliferation in the presence of
Gal-3. Gal-3 also induced a decrease in the expression of genes involved
in oxidative phosphorylation in T cells, in correlation with significantly
increased ROS production. An increase in intracellular ROS by CD8 cells
resulted in a significant increase in T exhausted cells, only after a long
exposure to Gal-3.

To conclude, we revealed a novel Gal-3 suppresor mechanism that
affected both CD4 and CDS8 cells. We demonstrated that Gal-3 secreted
by TNBC cells induced an increase in tumor infiltrating T-reg. Addi-
tionally, Gal-3 led to imbalances in T cell mitochondrial function, which
resulted in a gradual increase in T-exhausted cells, with loss of an im-
mune anti-tumor response.

Understanding the effects of TNBC-secreted Gal-3 on T cell functions
provides critical insights into the variable clinical responses to immu-
notherapy observed in women with TNBC. This understanding could
contribute significantly to the development of novel therapeutic stra-
tegies aimed at improving TNBC treatment outcomes. Several studies
have explored potential treatments targeting cancers with elevated Gal-
3 levels. For instance, synthesized multivalent glycopolymer inhibitors,
which effectively target both extracellular and intracellular Gal-3, have
demonstrated promising results, including inhibition of cancer cell
spread and modulation of tumor immune evasion [51]. In our study, we
observed a decrease in regulatory Tregs in Gal-3-positive co-cultures
treated with a Gal-3 antibody, further highlighting Gal-3 as a compelling
target for immunotherapy.

We believe our study provides a broader framework to explore
combination strategies, such as pairing biomaterial-based delivery sys-
tems with immunotherapy to enhance efficacy.
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