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Successful pregnancy relies on a coordinated interplay be-
tween endocrine, immune, and metabolic processes to sustain
fetal growth and development. The orchestration of these
processes involves multiple signaling pathways driving cell
proliferation, differentiation, angiogenesis, and immune regu-
lation necessary for a healthy pregnancy. Among the molecules
supporting placental development and maternal tolerance, the
families of pregnancy-specific glycoproteins and galectins are
of great interest in reproductive biology. We previously found
that PSG1 can bind to galectin-1 (GAL-1). Herein, we charac-
terized the interaction between PSG1 and other members of
the galectin family expressed during pregnancy, including
galectin-3, -7, -9, and -13 (GAL-3, GAL-7, GAL-9, and GAL-
13). We observed that PSG1 binds to GAL-1, -3, and -9, with
the highest apparent affinity seen for GAL-9, and that the
interaction of PSG1 with GAL-9 is carbohydrate-dependent.
We further investigated the ability of PSG1 to regulate GAL-
9 responses in human monocytes, a murine macrophage cell
line, and T-cells, and determined whether PSG1 binds to both
carbohydrate recognition domains of GAL-9. Additionally, we
compared the apparent affinity of GAL-9 binding to PSG1 with
other known GAL-9 ligands in these cells, Tim-3 and CD44.
Lastly, we explored functional conservation between murine
and human PSGs by determining that Psg23, a highly expressed
member of the murine Psg family, can bind some murine
galectins despite differences in amino acid composition and
domain structure.

A healthy pregnancy requires the coordination and regula-
tion of a series of biological processes occurring at both sides
of the maternal-fetal interface, including vascular development
and remodeling, immune regulation, placental invasion, and
placental growth (1). Multiple mediators secreted from both
the mother and the fetus orchestrate these processes, including
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members of the galectin family. Galectins are b-galactoside
binding proteins that modulate cell adhesion, migration, im-
mune function, placentation, and angiogenesis either intra-
cellularly or when secreted into the extracellular space (1, 2).
Some galectins are expressed widely at the maternal-fetal
interface, while the expression of others is highly specific to
certain trophoblast populations or maternal cell types. Galec-
tins in this category include galectin 1 (GAL-1), galectin 3
(GAL-3), galectin 9 (GAL-9), galectin 7 (GAL-7), and the
placenta-specific galectin 13 (GAL-13), also known as
placental protein 13 (PP13) (3–18). Some of the ligands for
these galectins have been characterized and are known to play
important roles in several biological processes required for
successful pregnancy as previously summarized (2, 19).

The maternal circulating levels of GAL-1, -3, and -13 in-
crease as pregnancy progresses, and the levels of GAL-9 are
nearly three times higher than nonpregnant levels at 8 weeks
of gestation and remain elevated until parturition (20–23).
Alternatively, dysregulated, altered, or insufficient levels of
GAL-1, -3, -9, and -13 have been associated with pregnancy
pathologies including preeclampsia, intrauterine growth re-
striction, preterm birth, and pregnancy loss (2, 20). GAL-9, a
“tandem-repeat type” galectin, is structurally characterized by
the presence of two different carbohydrate recognition do-
mains (CRDs) with different sugar-binding affinities (24).
During gestation, GAL-9 is expressed in the female repro-
ductive tract and at the maternal-fetal interface (13, 15, 21).
Decidual GAL-9 expression is disrupted in a mouse model of
spontaneous abortion (17), indicating its significance in suc-
cessful pregnancy. However, GAL-9 interactions with T-cell
immunoglobulin mucin-3 (Tim-3) and CD44 receptors can
have diverse effects depending on cell type-specific expression
(8, 25, 26). Tim-3 is linked to T-cell exhaustion and tolerance,
mediating apoptosis of Th1 and Th17 cells upon interaction
with GAL-9 (27, 28). Conversely, GAL-9 also promotes
inflammation by binding to Tim-3 in monocytes, dendritic
cells, and macrophages. Notably, Tim-3 expression is
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Gal-9 and PSG1 modulation in monocytes and T cells
upregulated on monocytes in pregnant compared to
nonpregnant women (8, 29, 30). CD44 is an adhesion molecule
that was shown to interact with murine GAL-9 and trans-
forming growth factor (TGF)-bRI resulting in an increase in
induced Tregs (iTregs) stability and function (9, 31).

Trophoblast cells of species with hemochorial-type placen-
tation secrete pregnancy-specific glycoproteins (PSGs) into the
maternal circulation (32). PSGs are members of the immuno-
globulin superfamily and are closely related to the predomi-
nantly membrane-bound carcinoembryonic antigen-related cell
adhesion molecules. As pregnancy progresses, the circulating
levels of human PSGs in maternal serum reach levels greater
than 100 mg/ml at full term (33–35). In humans, the PSG family
comprises 10 members (PSG1-11, with PSG10 being a pseu-
dogene), while mice possess a larger family with 17 members
(Psg16-Psg32) (36, 37). There is evidence of rapid evolution of
the PSG loci, characterized by differences in gene copy number,
gene content, and nonconservative amino acid substitutions
within ORFs (38–40). However, despite this genetic and
structural diversity, both mouse and human PSGs retain
conserved functions across species (41–46).

Using glycoproteomic studies, we previously showed that
PSG1, one of the highest expressed members of the family
throughout pregnancy, is heavily glycosylated with complex
glycans containing poly-N-acetyl-lactosamine (LacNAc) elon-
gated moieties that often serve as ligands for galectins (40, 41,
47). In addition, we demonstrated that GAL-1 binds to PSG1
in a carbohydrate-dependent manner and that the interaction
of PSG1 and GAL-1 protects GAL-1 from inactivation due to
oxidation (47, 48). However, whether other members of the
galectin family found in the circulation of pregnant women
interact with PSGs, and if murine PSGs interact with galectins,
remains unknown.

Herein, we characterized the potential interaction between
PSG1 and members of the human galectin family, including
GAL-3, GAL-7, GAL-9, and GAL-13. We observed that PSG1
does not bind to all galectins tested. Of the galectins that
bound to PSG1 (GAL-1, GAL-3, and GAL-9), GAL-9 pre-
sented the highest apparent affinity and the GAL-9-PSG1
interaction was carbohydrate-dependent. Therefore, we
further characterized the ability of PSG1 to regulate GAL-9
responses in monocytes, macrophages, and T-cells and
determined whether PSG1 binds to both GAL-9 CRDs. In
addition, we compared the affinity of the interaction between
GAL-9 and PSG1 to the other well-characterized GAL-9 li-
gands in these cells, Tim-3 and CD44. We found that murine
Psg23, one of the highest expressed members of the murine
PSG family (49), binds to murine GAL-9 and GAL-3, rein-
forcing the notion of conservation of function between
members of the human and murine PSG families.
Results

Characterization of the binding of PSG1 to different members
of the galectin family

Using surface plasmon resonance (SPR), we assessed the
binding of GAL-3, GAL-7, GAL-9, and GAL-13 to
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recombinant and native PSG1 and compared the binding of
these galectins to the previously identified PSG1 ligand, GAL-1
(47) (Fig. 1, A and B). We consecutively injected the different
galectins at 1 mM over a PSG1-coated surface. However, we
found that GAL-9 had to be injected at a lower concentration
due to its increased binding to PSG1, compared to the other
galectins (Fig. 1, A and B). As previously reported, PSG1 bound
to GAL-1. Additionally, we observed that PSG1 binds to 1 mM
GAL-3 and 0.1 mM GAL-9, and that the PSG1-GAL-9 inter-
action seemed to present the highest apparent affinity
(Fig. 1A). On the other hand, we did not observe binding of
1 mM GAL-7 or GAL-13 to PSG1 (Fig. 1, A and B). The
interaction of GAL-9 with PSG1 was further confirmed by
ELISA (Fig. 1C). To determine whether the interaction be-
tween PSG1 and GAL-9 is carbohydrate-dependent, we used
PNGase F to remove the complex N-glycans on PSG1. We
observed a significant decrease in binding between the PNGase
F-treated PSG1 and GAL-9 when compared to the untreated
protein (Fig. 1C).

PSG1 has four immunoglobulin G (IgG)-like domains; three
(N-, A1-, and A2) of the four domains are decorated by N-
linked glycans (47). We determined that the binding of PSG1
to GAL-9 is mediated primarily by the glycans in the -N, and
-A2 domains, as the binding was inhibited following treatment
of these domains with PNGase F compared to the untreated
proteins (Fig. 1D). Next, we defined the kinetics and affinity of
the interaction between GAL-9 and PSG1 (Fig. 1, E and F). The
calculated affinity of the interaction of GAL-9 for native and
recombinant PSG1 was quite similar, with an estimated
apparent KD of 21 and 40 nM, respectively (Tables 1 and 2).
GAL-9 is composed of two CRDs, designated as the N-ter-
minal CRD (GAL-9N) and the C-terminal CRD (GAL-9C).
The linker peptide of certain GAL-9 splice variants can be
cleaved by thrombin resulting in the separation of both GAL-9
CRDs (50). Interestingly, the two CRDs have similar albeit not
identical specificities for glycans, and distinct activities have
been proposed for these proteins as modulators of innate and
adaptive immune cells (51–53). To determine if both GAL-9
CRDs bind to PSG1, we generated each CRD individually
and performed binding studies. We observed that both do-
mains of GAL-9 bound to PSG1 albeit with lower affinity than
the full-length GAL-9 (Fig. 1G) and that the GAL-9 N-CRD
domain binds with lower affinity to PSG1 than the GAL-9 C-
CRD domain (Fig. 1, H and I).

Two well-characterized GAL-9 ligands in immune cells
include Tim-3 and CD44 (8, 9, 54). The high-affinity binding
of PSG1 to GAL-9 and its high concentration in maternal
circulation suggests that PSG1 could compete with Tim-3 and
CD44 for GAL-9 binding. Therefore, we assessed the kinetics
of the interaction between GAL-9 and CD44 (Fig. 2A) and
GAL-9 and Tim-3 (Fig. 2B). The calculated apparent affinity of
the interaction of recombinant GAL-9 and Tim-3 and of GAL-
9 and CD44 were very similar to the calculated affinity of the
interaction between PSG1 and GAL-9 (Table 2). We carried
out competition assays in which increasing concentrations of
PSG1 were preincubated with a fixed concentration of GAL-9.
These preparations were injected onto a chip with



Figure 1. PSG1 interacts with GAL-9. A, SPR sensorgrams of the interaction of PSG1 with 0.1 mM GAL-9, 1 mM GAL-13, GAL-3, and GAL-1 and Fc as a
negative control. A fixed concentration of each galectin was injected during 3 min over a CM5 biosensor with immobilized recombinant PSG1. B, sen-
sorgrams of the interaction of PSG1 with 1 mM GAL-7 and 25 nM GAL-9. Galectins were injected during 3 min over a CM5 biosensor with immobilized
recombinant PSG1. C, binding of 2 mg/ml of Fc-tagged recombinant PSG1N-Fc, PSG1A1-Fc, PSG1A2-Fc untreated or treated with PNGase F to GAL-9 coated
wells. D, binding of 8 mg/ml of Fc-tagged recombinant PSG1 untreated or treated with PNGase F to GAL-9 coated wells. E, sensorgrams of the interaction of
GAL-9 with native PSG1. Serial dilutions of GAL-9 ranging from 30 to 100 nM were injected during 3 min over a CM5 biosensor chip with immobilized native
PSG1. F, sensorgrams of the interaction of GAL-9 with recombinant PSG1. Serial dilutions of GAL-9 ranging from 2 to 25 nM were injected during 3 min over
a CM5 biosensor chip with immobilized native PSG1. G, SPR sensorgram showing the interaction of 25 nM of full-Length GAL-9 (FL), GAL-9C or GAL-9N
domains were injected over a CM5 biosensor chip with immobilized PSG1. H, sensorgrams of the interaction of GAL-9C with recombinant PSG1. Serial
dilutions of GAL-9C ranging from 200 nM to 2 mM were injected over a CM5 biosensor chip with immobilized native PSG1. I, sensorgrams of the interaction
of GAL-9 N domain with recombinant PSG1. Serial dilutions of GAL-9 ranging from 200 nM to 10 mM were injected over a CM5 biosensor chip with
immobilized native PSG1. In E, F, H, and I, SPR sensorgrams for each protein concentration are shown as gray lines, while the fitted data are shown as black
lines. GAL-9, galectin 9; PSG, pregnancy-specific glycoprotein; SPR, surface plasmon resonance.

Gal-9 and PSG1 modulation in monocytes and T cells
immobilized CD44 or Tim-3. As the concentration of PSG1
increased, we observed lower binding of GAL-9 to CD44
(Fig. 2C) and Tim-3 (Fig. 2D). These results indicate that PSG1
can compete the binding of GAL-9 to Tim-3 and CD44. We
used PSG1 generated in GnTI- cells as control which was
unable to compete the GAL-9 binding to Tim-3 or CD44 due
to the absence of complex N-linked glycans (Fig. 2E).
Table 1
Kinetics constants and apparent affinity of the interaction of full-lengt

PSG1 ka M−1 s1 (mean ± SD) kd s−1 (mean ± SD)

GAL-9 (7.24 ± 0.08) × 104 (1.56 ± 0.2) × 10−3

GAL-9C (2.43 ± 0.08) × 103 (4.15 ± 0.04) × 10-3

GAL-9N (1.84 ± 0.11) × 100 (1.06 ± 0.09) × 10−2
PSG1 inhibits the GAL-9 mediated induction of TNF-a in
human monocytes and a murine macrophage cell line

As previously reported for PSG1, serum GAL-9 levels in-
crease in pregnant women as pregnancy progresses (21).
Interestingly, GAL-9 has been shown to increase secretion of
the inflammatory cytokine tumor necrosis factor alpha (TNF-
a) in monocytes in a Tim-3-dependent manner (54). Tim-3 is
h (FL) and single domains of GAL-9 with recombinant PSG1

Rmax RU (mean ± SD)
Apparent KD

M Chi2

314 ± 28.7 2.16 × 10−8 5.26
215 ± 5.8 1.70 × 10−6 2.41

2110 ± 1250 5.78 × 10−3 1.78

J. Biol. Chem. (2024) 300(9) 107638 3



Table 2
Kinetics constants and apparent affinity of the interaction of CD44, Tim-3 and native PSG1, and recombinant Psg23 with full-length (FL) GAL-9

GAL-9 FL ka M−1 s−1 (mean ± SD) kd s−1 (mean ± SD) Rmax RU (mean ± SD) Apparent KD M Chi2

CD44 (1.43 ± 0.04) × 105 (1.50 ± 0.016) × 10−3 956 ± 22.2 1.05 × 10−8 23.8
Tim-3 (1.7 ± 0.9) × 105 (3.3 ± 0.1) × 10−3 214 ± 11.1 2.67 × 10−8 5
Native PSG1 (3.9 ± 0.3) × 104 (1.6 ± 0.2) × 10−3 105 ± 6.9 4.03 × 10−8 2.7
rPsg23 (2.79 ± 0.06) × 106 (6.35 ± 0.05) × 10−3 0.044 ± 0.003 2.28 × 10−9 0.89

Gal-9 and PSG1 modulation in monocytes and T cells
primarily expressed in monocytes in the peripheral blood of
pregnant women, with significantly higher levels observed in
preeclampsia patients compared to normal pregnant women
(21, 55). Therefore, we investigated the functional significance
of the PSG1 and GAL-9 interaction in relation to Tim-3
engagement.

Consistent with the role of Tim-3 in response to GAL-9 in
monocytes or macrophages, we did not observe an increase in
TNF-a secretion in the monocyte-like cell line THP-1 treated
with GAL-9. Flow cytometry confirmed that these cells do not
express Tim-3 (data not shown), supporting these data (56).
Using monocytes isolated from several donors, we showed that
PSG1 reduces the GAL-9-mediated induction of TNF-a
(Fig. 3A). We also observed that GAL-9 induced TNF-a in the
murine macrophage cell line RAW 264.7 that expresses Tim-3,
and that this increase was inhibited by coincubation of GAL-9
with PSG1 prior to cell treatment (Fig. 3B). These data suggest
that PSG1 inhibits the ability of GAL-9 to increase TNF-a
secretion in human monocytes or murine RAW 264.7 mac-
rophages. Furthermore, GAL-9 treatment of RAW-blue re-
porter cells did not activate the NF-kB and AP-1 transcription
factors at the concentrations where we observed increased
Figure 2. PSG1 can inhibit the binding of GAL-9 to Tim-3 and CD44. A, se
ranging from 2 to 25 nM were injected during 3 min over a CM5 biosensor c
centration are shown as gray lines while the fitted data are shown as black line
Serial dilutions of GAL-9 ranging from 10 to 50 nM were injected during 3 min
the interaction of 25 nM GAL-9 preincubated with recombinant PSG1 injected
at the indicated molar ratio and injected during 3 min over a CM5 biosensor ch
25 nM GAL-9 preincubated with recombinant PSG1 at the indicated molar ra
showing the interaction of 25 nM GAL-9 or preincubated with 25 nM PSG1 pro
over a biosurface of immobilized TIM3. GAL-9, galectin 9; PSG, pregnancy-sp
globulin mucin-3.
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TNF-a levels, in contrast to that observed with our positive
control lipopolysaccharide (LPS) (Fig. 3C), indicating distinct
differences in the signaling pathways triggered by these two
inducers of TNF-a.
GAL-9 induced apoptosis of Jurkat and primary CD4+ T cells is
not inhibited by PSG1

GAL-9 modulates the adaptive immune response by medi-
ating T cell death or suppression on activated CD4+ Th1 and
Th17 cells, and in CD8+ T cells (8, 57, 58). In addition, GAL-9
induces apoptosis in several leukemic T cell lines, including
Jurkat cells, which lack Tim-3 expression unless treated with
phorbol myristate acetate (8, 59–61). We studied whether
coadministration of GAL-9 and PSG1 affects the ability of
GAL-9 to mediate apoptosis in Jurkat cells. PSG1 at a con-
centration as high as 50 mg/ml did not inhibit the GAL-9-
mediated apoptosis (Fig. 4A). We also evaluated whether
PSG1 would have an effect in the GAL-9-mediated apoptosis
of primary CD4+ T cells. Similarly to what we observed in the
Jurkat T cell line, the interaction between PSG1 and GAL-9
did not affect the ability of GAL-9 to induce apoptosis in
nsorgrams of the interaction of GAL-9 with CD44. Serial dilutions of GAL-9
hip with immobilized native CD44. SPR sensorgrams for each protein con-
s. B, sensorgrams of the interaction of GAL-9 with Tim-3 represented as in A.
over a CM5 biosensor chip with immobilized native Tim-3. C, sensorgrams of
over a biosurface of immobilized CD44. GAL-9 and PSG1 were preincubated
ip with immobilized recombinant CD44. D, sensorgrams of the interaction of
tio injected over a biosurface with immobilized Tim-3. E, SPR sensorgram
duced in CHOK1 (PSG1) or GnTI-deficient cells (PSG1GnTI-) before injection
ecific glycoprotein; SPR, surface plasmon resonance; Tim-3, T-cell immuno-



Figure 3. PSG1 inhibits the GAL-9 mediated induction of TNF-a in human monocytes and RAW 264.7 cells. A, human monocytes were treated in
duplicate or triplicate with GAL-9 (40–70 nM) alone or in combination with PSG1 (40 mg/ml). TNF-a was measure in supernatants at 48 post-treatment. B,
RAW 264.7 cells were treated in triplicate with GAL-9 (20 nM) alone or in combination with PSG1 (40 mg/ml) or the Fc control. mTNF-a was measured in
supernatants at 20 h post treatment. C, RAW-Blue reporter cells were treated with PBS, GAL-9 (3 mg/ml), or LPS (1 ng/ml) and the levels of SEAP in the
supernatant was measured 18 h post treatment using the QUANTI-Blue reagent. GAL-9, galectin 9; LPS, lipopolysaccharide; PSG, pregnancy-specific
glycoprotein; SEAP, secreted embryonic alkaline phosphatase; TNF-a, tumor necrosis factor alpha.

Gal-9 and PSG1 modulation in monocytes and T cells
anti-CD3/CD28 stimulated primary human CD4+ T cells,
including naïve CD4+ T cells (Fig. 4B, and data not shown).
Furthermore, we examined whether the individual CRDs of
GAL-9 could induce apoptosis. We found that neither the
GAL-9N nor the GAL-9C CRDs induced apoptosis in primary
CD4+ T cells (Fig. 4, C–E), suggesting that full-length GAL-9 is
required to trigger apoptosis in Jurkat and primary human
CD4+ T cells.

GAL-9 did not induce conversion of CD4+ T cells into Foxp3+

cells in the presence or absence of TGF-b

Wu et al. reported that mouse GAL-9 modestly promotes
induction of murine Foxp3-expressing iTregs, and that the
interaction with CD44 enhances the stability and function of
these cells (9). On the other hand, the addition of both human
GAL-9 and TGF-b was needed to see substantial induction of
iTregs (9, 62). We explored whether the addition of both PSG1
and human GAL-9, in the presence or absence of recombinant
TGF-b1, would increase the number of human CD4+ T cells
expressing Foxp3+. We observed that in the absence of TGF-b,
GAL-9 did not induce the conversion of naïve CD4+ T cells into
Foxp3+ cells (Fig. S1A). As expected, the addition of 5 ng/ml
TGF-b to naïve CD4+ T cells, which were activated with anti-
CD3/CD28 beads and interleukin-2 (IL-2), increased the fre-
quency of Foxp3+ cells (Fig. S1B). However, we observed a
trend in the increase of Foxp3+ T cells (albeit not statistically
significant) when GAL-9 and TGF-b1 were added under the
same experimental conditions in vitro. Furthermore, we
observed that increasing the concentration of GAL-9 from 20 to
40 nM led to a decrease in cell viability (data not shown). When
treating the cells with a combination of PSG1, GAL-9, and
TGF-b1, we observed no significant change in the frequency of
Foxp3+ cells, although the cell viability remained above 70%
(Fig. S1B), suggesting that human GAL-9 with or without TGF-
b1 does not convert human CD4+ T cells into Foxp3+ cells.

Recombinant Psg23 directly binds to GAL-9 in a glycan-
specific manner

Like human PSGs, murine Psgs contain multiple potential
N-linked glycosylation sites, although their domain structure
differs. Typically, murine Psgs consist of three Ig variable-like
Ig domains, referred to as N domains, followed by an A-
domain (46). Psg23 exhibits an N1-N2-N3-A domain
arrangement, featuring a total of seven potential N-linked
glycosylation sites across all domains except the A-domain
(43). Murine pregnancy models are frequently used and have
been valuable in replicating many immunological features
observed in human pregnancy pathologies (63). To investigate
the conservation of ligands between human and murine Psgs,
we generated recombinant full-length Psg23 and assessed its
binding to murine GAL-1, GAL-3, and GAL-9. Additionally,
we evaluated the potential binding of rPsg23 to human GAL-7,
since its mouse counterpart is not commercially available
(Fig. 5A). We did not study the potential binding of GAL-13 to
Psg23 because this galectin is only expressed in anthropoid
primates (18). Consistent with our observations for PSG1,
GAL-3, and GAL-9 bound to Psg23, with GAL-9 showing the
highest affinity for Psg23. However, we did not detect binding
between Psg23 and murine GAL-1 (Fig. 5A), even when using
recombinant murine GAL-1 commercially available from two
different vendors. Next, we calculated the apparent affinity of
the interaction of Psg23 with GAL-9 (Fig. 5B). This interaction
was confirmed to be carbohydrate-mediated, as binding was
inhibited in the presence of lactose, an inhibitor of galectin–
glycan interactions, but not in the presence of sucrose
(Fig. 5C).
Discussion

This study provides evidence that PSG1 interacts with GAL-
9, GAL-1, and GAL-3, but not with GAL-7 or GAL-13. PSG1
presents a higher affinity for GAL-9 compared to GAL-1 and
GAL-3 (47). Furthermore, we observed that the interaction
between GAL-9 and PSG1 is sugar-dependent, similar to that
reported for the GAL-9 interaction with Tim-3 (60, 64).
Moreover, we found that PSG1 competes with Tim-3 for
interaction with GAL-9. Notably, mouse Psg23 also interacts
with mouse GAL-9, underscoring the functional conservation
between murine and human PSGs.

GAL-9 is involved in various biological processes, including
chemoattraction, cell aggregation, cell proliferation, cell
J. Biol. Chem. (2024) 300(9) 107638 5
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Figure 4. PSG1 does not inhibit GAL-9-induced apoptosis in Jurkat cells. A, GAL-9 induces apoptosis in Jurkat cells at 200 nM. PSG1-Fc or the Fc control
at 0.7 mM (50 mg/ml) were preincubated with gal-9 and added to Jurkat cells. After 24 h, cells were stained with annexin-V-FITC to assess apoptosis. B, in vivo
cell viability monitoring using RealTime-Glo annexin-V apoptosis and necrosis assay were performed to show apoptosis in primary T cells. PSG1 or Fc control
at 0.7 mM were preincubated with GAL-9 and added to primary T cells (30,000 cells per well) isolated from PBMCs from four different donors. RealTIME-Glo
was added at seeding and readings were taken 24 h after incubation. All measurements were performed in triplicate and data were expressed as
mean ± standard deviation (SD). C, Jurkat cells were incubated with single domains of GAL-9 (GAL-9N or GAL-9C) at 200 nM. After 24 h, the percentage of
apoptotic cell death was assessed by flow cytometry analysis using annexin-V-FITC and SYTOX Blue. D, percentage of annexin-V-FITC positive cells or (E)
normalized annexin-V-FITC+ fluorescence intensity from three independent experiments (n = 3) are presented as mean ± SD. Data were analyzed by one-
way analysis of variance (ANOVA) followed by Dunnett’s test. p value < 0.05 was considered statistically significant. FITC, fluorescein isothiocyanate; GAL-9,
galectin 9; PBMC, peripheral blood mononuclear cell; PSG, pregnancy-specific glycoprotein.

Gal-9 and PSG1 modulation in monocytes and T cells
survival, and immunomodulation of inflammation. These
functions are mediated by its intracellular activities and/or the
interaction with multiple cell surface receptors (65). Besides
Tim-3 (8, 66, 67) and CD44 (9), GAL-9 binds to CD137 (also
6 J. Biol. Chem. (2024) 300(9) 107638
known as 4-1BB) (68), CD206 (69), protein disulfide isomerase
(PDI) (69), lysosomal-associated membrane protein 2 (Lamp2)
(70), bacterial LPS (71), VISTA (56), Dectin-1 (72), and PD-1
(60). The equilibrium constant for the interaction between



Figure 5. Recombinant mouse Psg23 (rPSG23) interacts with mouse GAL-3 and GAL-9. A, sensorgrams of the interaction of rPsg23 with 1 mM human
GAL-7, 0.1 mM murine GAL-9, 1 mM murine GAL-3, GAL-1, or Fc (as negative control). B, sensorgrams of the interaction of murine GAL-9 with rPsg23 for
kinetics calculations. Binding of serial dilutions of GAL-9 ranging from 6.25 to 100 nM to an AR2G biosensors with immobilized rPsg23. C, sensorgrams of the
interaction of murine 0.1 mM GAL-9 with immobilized rPsg23 in the absence (blue) or presence of 1.5 mM of sucrose (black) or lactose (gray). AR2G, amine
reactive second generation; GAL-9, galectin 9; PSG, pregnancy-specific glycoprotein.

Gal-9 and PSG1 modulation in monocytes and T cells
GAL-9 and some of its ligands has been reported to be in the
nanomolar range. Interestingly, the apparent affinity we esti-
mated for the GAL-9 and PSG1 interaction is also in the
nanomolar range (Fig. 1), suggesting that PSG1 may compete
with several ligands for GAL-9 binding, as we show here for
Tim-3 and CD44 (Fig. 2).

Additionally, we explored the potential role of PSG1 in
GAL-9 induced proinflammatory cytokine production in three
different cell types. We observed induction of TNF-a in hu-
man monocytes and RAW 264.7 cells using Escherichia coli-
derived GAL-9 from R&D systems at concentrations up to
3 mg/ml (Fig. 3). However, this concentration was insufficient
when using the HEK293-derived GAL-9 from R&D systems or
BioLegend (data not shown). Differences in recombinant GAL-
9 activity have been noted depending on its mode of produc-
tion. For instance, HEK293-derived recombinant human GAL-
9 binds with lower affinity to Tim-3 than the E. coli-derived
recombinant protein as indicated in the product data sheet
from R&D systems (Bio-Techne). It has also been proposed
that GAL-9 obtained from cells may display higher activity
compared to recombinant GAL-9 preparations, potentially
necessitating lower concentrations of GAL-9 to observe its
in vivo effects (56). In RAW-blue cells, we found that GAL-9
did not induce activation of NF-kB, a transcription factor
involved in LPS- induced TNF-a secretion in myeloid cells.
These data suggest TNF production induced by E. coli-derived
GAL-9 is not induced by contaminating endotoxin. Rather,
Matsuura et al. suggested that the induction of proin-
flammatory cytokines by GAL-9 is mediated through the
activation of leucine zipper transcription factors NF-IL6 or
AP-1 (73). Moreover, it was recently reported that the Tim-3
and GAL-9 interaction can activate mammalian target of
rapamycin (mTORC) in myeloid leukemia cells (74).

The N-terminal and C-terminal CRDs of GAL-9 exhibit
only 39% amino acid homology and display different oligo-
saccharide binding affinities, suggesting different roles for each
CRD in mediating GAL-9 functions (53, 75, 76). Several
studies have shown that GAL-9C exhibits greater anti-
proliferative and proapoptotic activities compared to GAL-9N,
and that while full-length GAL-9 was more efficient, both
CRDs retained the ability to induce TNF-a in dendritic cells
(77, 78). However, our attempts to replicate these findings in
monocytes and T cells using individual GAL-9 CRDs were
unsuccessful, matching failed attempts by other groups
(Fig. 4). This could be attributed to the use of monomeric
versus dimeric CRDs and the concentrations tested, since the
experiments conducted by Li et al. used dimeric Fc-tagged
forms of the individual CRDs at significantly higher concen-
trations (53).

Murine GAL-9 was reported to promote Foxp3 expression
during iTreg cell differentiation of murine CD4+ T cells,
although the concentration of GAL-9 used was not reported
(9). In addition, during in vitro differentiation, GAL-9 alone
induced a modest increase in Foxp3 expression in activated
naïve CD4+ T cells, while a substantial synergistic effect of
GAL-9 with TGF-b in inducing Foxp3 expression was
observed for both human naïve CD4+ T and murine T cells (9,
62, 79). However, although we observed a slight increase in the
percentage of CD4+ CD25+ Foxp3+ cells, it did not reach
statistical significance (Fig. 4D). Lv et al. reported that human
GAL-9 purchased from ProSpec-Tany TechnoGene, Ltd, at
different concentrations (up to 80 nM) when combined with
TGF-b, induced the conversion of mouse naïve CD4+ T cells
into Foxp3+ iTreg cells although the effect of GAL-9 was not
dose-dependent (62). In our hands, we observed reduced cell
viability (�70%) with different source of GAL-9 at 80 nM
relative to untreated cells, hindering us from testing higher
concentrations. Yang et al. reported that similar to conven-
tional CD4+ T cells, human Treg cells are susceptible to GAL-
9-induced cell death, suggesting that the ability of GAL-9 to
induce apoptosis dominates its Treg promoting activity (60).
Overall, in our hands, using human cells and human GAL-9,
the coadministration of PSG1, GAL-9, and TGF-b1 did not
increase the frequency of Foxp3+ cells in comparison to GAL-9
and TGF-b1.

Based on our results, we propose that the interaction be-
tween PSG1 and GAL-9 may be beneficial during pregnancy
by disrupting the binding of GAL-9 to Tim-3 in monocytes.
This competitive disruption reduces GAL-9-induced secretion
of the proinflammatory cytokine TNF-a, which has been
shown to have detrimental effects in pregnancy (80, 81). On
the other hand, PSG1 did not affect GAL-9-mediated
apoptosis of primary CD4+ T cells (or Jurkat T cells), which
is mediated by an unknown GAL-9 receptor.

Several mechanisms have been proposed to explain how
during pregnancy, the immune system shifts toward a
J. Biol. Chem. (2024) 300(9) 107638 7
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dominant Th2 immune response (82). For example, it has been
shown that there is apoptosis of decidual Th1 cells mediated
by GAL-1 (83). As GAL-9 is also present in the placenta, we
posit that GAL-9 may induce apoptosis of Th1 cells to help
establish a Th2-predominant phenotype. During uneventful
pregnancies, in both the placenta and the maternal circulation,
GAL-1 is the most abundant member of the galectin family,
followed by GAL-3 and GAL-9, respectively (20, 22, 84). Dif-
ferences in PSG1 affinity for galectins may be explained by the
galectin dynamics during healthy gestation. PSG1 bound to
GAL-9 with higher affinity than GAL-1, potentially because
GAL-9 is less abundant at the maternal/fetal interface.
Although we did not observe an interaction between GAL-7
and PSG1, it is important to point out that these two pro-
teins do not have similar kinetics of expression during preg-
nancy; GAL-7 peak concentration is observed at gestation
weeks 13 to 16, while the concentration of PSGs continually
increase as pregnancy progresses (32, 84, 85). Although GAL-
13, like GAL-1, belongs to the galectin prototype subtype,
evolutionary and sugar-binding analyses revealed functional
diversification in its CRD due to missense mutations that alter
carbohydrate-binding specificity. For example, GAL-13 has
less affinity for lactose and stronger affinity for mannose
compared to other galectins. Therefore the absence of inter-
action between PSG1 and GAL-13 may be due to preferential
binding affinity of GAL-13 for different beta-galactosides
versus GAL-1, and for blood sugar antigens as evidenced by
several studies (86–88). Importantly, we cannot exclude the
possibility that PSG1 can bind to more than one type of
galectin simultaneously via different glycans decorating the
protein, resulting in multivalent interactions which are utilized
by cells in a diverse range of cellular processes (89).

The difference in affinity between PSG1 and various galec-
tins is likely relevant in the fine-tuning of physiological
processes during pregnancy, regulated in a carbohydrate-
dependent manner in which the concentration of the
different players may be affected during pathological condi-
tions or by genetic differences (2, 39). During gestation, GAL-9
levels have been reported to increase as early as 8 weeks of
gestation in normal pregnancies compared to nonpregnant
controls (21, 90). In a study involving 30 primigravida women,
those carrying male fetuses had higher GAL-9 levels in cir-
culation compared to those carrying females (21). Interest-
ingly, we found that PSG1 concentrations were significantly
lower in African American women diagnosed with pre-
eclampsia compared to controls, but only when carrying a
male fetus (35). These observations suggest that an abnormal
balance of PSG1 and GAL-9 levels may be associated with
pregnancy pathologies in a sex-dependent manner, as previ-
ously suggested for Tim-3 and GAL-9 (91).

Due to the ethical limitations in performing studies in
pregnant women, several studies underscoring the importance
of galectins in reproduction have been undertaken using
mouse models. Given that murine Psg23 is one of the highest
expressed murine Psgs (46, 47, 49, 92), we explored whether
recombinant (rPsg23) can interact with murine galectins.
Despite having different Ig domain arrangements, previous
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studies demonstrated that some members of the murine Psg
family share functional conservation with human PSGs,
including the ability to activate latent TGF-b1, induce endo-
thelial tube formation, and bind to aIIbb3 integrin in platelets
(41–43, 45, 46, 93). Here, we showed that rPsg23 binds to
GAL-9, adding GAL-9 to the list of conserved ligands for
human and murine PSGs (Fig. 5). Interestingly, while we
observed binding of human GAL-1 to rPsg23 (data not
shown), rPsg23 failed to interact with murine GAL-1 from two
different commercial sources, despite 88% shared sequence
homology between murine and human GAL-1. Future studies
are required to determine whether native murine Psgs bind to
murine GAL-1, as glycans may differ between native and re-
combinant proteins.

The studies presented here suggest that specific changes in
the PSG-glycan composition may affect some functions of
these proteins. Indeed, placental tissues derived from women
with early onset preeclampsia show evidence of endoplasmic
reticulum stress, leading to synthesis and secretion of mis-
glycosylated glycoproteins into the maternal circulation. One
of the identified mis-glycosylated proteins was PSG5, meaning
changes in PSG glycosylation could affect galectin binding
(94). Characterization of the interaction between galectins and
PSGs will allow for a better understanding of multiple bio-
logical processes influenced by these two protein families
during pregnancy, including immunomodulation, angiogen-
esis, and trophoblast invasion.
Experimental procedures

Protein production and purification

Native PSG1 was obtained from serum of pregnant women
as previously reported (47). Recombinant murine Psg23-myc-
His (Psg23) (95) was generated by transient transfection of
ExpiCHO cells (Thermo Fisher Scientific). Clarified superna-
tants collected 6 days posttransfection were bound to a
HisTrap column (Cytiva) 10 mM imidazole and were eluted
with 200 mM imidazole. The proteins eluted at 200 mM
imidazole were buffer exchanged into PBS and concentrated
using Amicon Ultra-15 10K molecular weight cutoff centrif-
ugal filter units (Millipore) and further purified by gel filtration
chromatography on a HiLoad 16/200 Superdex 200 column
(Cytiva). The proteins which corresponded to the expected
molecular weight were then further concentrated. PSG1 with
the V5His tags was obtained by transient transfection of GnTI-
deficient HEK293 cells and purified on a HisTrap and gel
filtration column as previously described (47).

Proteins consisting of only the Fc tag, the entire coding
region of PSG1, or individual domains fused to the Fc tag were
generated by transfection of ExpiCHO cells following the
standard protocol, and the supernatants were harvested when
the cells were over 70% viable, in most cases 5 days post
transfection. The Fc tag, consisting of the hinge region and
CH2 and CH3 domains of the IgG1 heavy chain, was added to
the proteins at the C terminus by cloning the specific com-
plementary DNA in-frame into the pFUSE-IgG1-e3-Fc1 vector
(InvivoGen). Fc-tagged proteins were purified from cell
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supernatants using protein A columns as previously described
(96).

The GAL-9 N- and C-CRDs were generated in E. coli strain
Rosetta 2 (Merck Millipore) and purified from the supernatant
by affinity chromatography using lactosyl-sepharose as previ-
ously described (76). The proteins were passed through an
EndoTrap column (Lionex) to remove potential traces of
endotoxin that can induce TNF-a in monocytes. All recom-
binant proteins generated for these studies were checked for
purity by separation on 4 to 20% NuPAGE Bis-Tris gels fol-
lowed by staining of the gel with GelCode Blue (Thermo Fisher
Scientific) and were quantitated against bovine serum albumin
(BSA) standards run on the same gel.

Recombinant human GAL-1 was purchased from Pepro-
Tech (catalog# 450–39). Recombinant human GAL-7 was
purchased from R&D systems (catalog# 1339-GA/CF). Re-
combinant GAL-13 was purchased from Prospec (catalog#
CYT-004). Recombinant human GAL-9 was purchased from
different suppliers including R&D systems (catalog# 2045-GA
and 9064-GA), BioLegend (catalog# 557306), and MyBio-
Source(catalog# MBS2097223). Recombinant mouse GAL-1
(catalog# 1245-GA/CF) and GAL-9 (catalog# 3535-GA/CF)
were purchased from R&D systems and mouse GAL-3 (cata-
log# ABIN 7274752) and mouse GAL-1 with an Fc tag (cata-
log# ABIN7274695) were purchased from antibodies-online.
com. Recombinant human Tim-3-Fc was purchased from
BioLegend (catalog# 759904). Recombinant human CD44
(catalog# 3660-CD) and TGF-b were purchased from R&D
systems (catalog# 246-LP/CF).
Cell culture

THP-1 and Jurkat cells, both obtained from the American
Type Culture Collection, were maintained in RPMI-1640
medium (Thermo Fisher Scientific) containing 10% heat-
inactivated (HI) fetal bovine serum (FBS), 1 mM sodium py-
ruvate, 4.5-g/L glucose. RAW264.7 was obtained from the
American Type Culture Collection and was cultured and
maintained in Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific) containing 10% HI FBS, 1% penicillin–
streptomycin, and 100 mg/ml normocin (InvivoGen). The
RAW-blue reporter cell line was obtained from InvivoGen
(catalog# raw-sp) and cultured and maintained as recom-
mended by the vendor. Peripheral blood mononuclear cells
(PBMCs) were acquired from anonymous de-identified healthy
human donors at the National Institutes of Health Blood Bank,
with access kindly provided by Dr Michael Lenardo. All Na-
tional Institutes of Health Blood Bank donors provide
informed consent to give blood for research purposes. PBMCs
were separated using a Ficoll separation gradient. Following
centrifugation, the PBMC layer was extracted and washed
twice using PBS. Naïve CD4+ T cells were isolated via negative
selection using the EasySep Human Naïve CD4+ T Cell
Isolation Kit (STEMCELL Technologies, catalog#19555) ac-
cording to the manufacturer’s instructions and were main-
tained in RPMI-1640 medium containing 10% FBS, 1-mM
sodium pyruvate, and 4.5 g/L glucose. Cells were activated
with the Enceed human T cell activation anti-CD3/anti-CD28
beads (GenScript, catalog#L00899) and human IL-2 (Pepro-
Tech, catalog#200–02). Human monocytes were isolated from
PBMCs based on their expression of CD14 using the EasySep
Human Monocyte Isolation Kit (STEMCELL Technologies,
catalog# 19359) and maintained in macrophage serum-free
media (Thermo Fisher Scientific catalog# 12065–074). All
cells were maintained in a humidified atmosphere of 5% CO2

and 95% air at 37 �C.

PNGase F treatment

Between 10 and 20 mg of Fc-tagged Psg23 and PSG1N,
PSG1A1, and PSG1A2 domains or the Fc only control protein
were incubated with Remove-iT PNGAse F (1 ml or 225 units/
reaction) for 2 h at 37 �C as recommended by the manufac-
turer (New England Biolabs, catalog#P0706s). Once the reac-
tion ended, the enzyme was removed from the solution using
chitin magnetic beads per the manufacturer instructions (New
England Biolabs). The proteins before and after PNGase F-
treatment were separated side by side on 4 to 20% NuPAGE
Bis-Tris gels followed by staining with GelCode Blue for
protein visualization and quantitation against BSA standards.

Surface plasmon resonance and biolayer interferometry
experiments

SPR experiments were performed in a Biacore 3000 in-
strument (GE HealthCare) at a flow rate of 10 ml/min and 25
�C using HBS-EP (0.01 M Hepes pH 7.4, 0.15 M NaCl, 3 mM
EDTA, and 0.005% v/v surfactant P20) as running buffer.
Purified recombinant PSG1, Psg23, or native PSG1 were
immobilized onto a CM5 sensor chip (Cytiva) in 10 mM so-
dium acetate pH 4.0 using standard amine coupling chemistry.
A control surface where no protein was immobilized was used
as control to correct for background and potential nonspecific
binding. GAL-9 (R&D, catalog# 2045-GA from R&D) was
injected over a range of concentrations (100 mM to 125 nM)
for 180 s followed by a 240 s dissociation period. To regenerate
the surface after each GAL-9 injection, a solution containing
1 M NaCl and 20 mM NaOH in HBS-EP buffer was injected
for 30 s. Real-time data were analyzed using the BIAevaluation
4.1 software (GE HealthCare; https://biaevaluation.software.
informer.com/4.1/#google_vignette), and kinetic profiles were
fitted using a global 1:1 binding algorithm to estimate the
association (ka) and dissociation (kd) constant, and the
apparent affinity (KD) of the interaction. To calculate kinetics
of the interaction of GAL-9 with Tim-3 and CD44, Tim-3 or
CD44 in 10 mM sodium acetate pH 4.0 was immobilized by
amine coupling on independent surfaces of a CM5 chip. A
control surface where no protein was immobilized was used to
correct for background and potential nonspecific binding, and
serial dilutions of GAL-9 were injected over these surfaces. For
competition experiments, different concentrations of PSG1
were incubated with GAL-9 as indicated in the figures in HBS-
EP buffer for 30 min at room temperature (RT). As a control,
GAL-9 at the same concentration and buffer was incubated for
30 min at RT. These GAL-9-PSG1 preparations were injected
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over an SPR biosurface with immobilized recombinant Tim-3
or CD44 using the same flow, running buffer, temperature, and
regeneration conditions described above. PSG1 produced in
CHO-K1, ExpiCHO, or HEK293 GnTI-deficient cells were
immobilized in independent biosurfaces of a CM5 sensor chip
as indicated before for recombinant or native PSG1. GAL-9
was injected simultaneously over the three different surfaces,
and a control surface with no protein immobilized. Real-time
sensorgrams were aligned using the BIAevaluation 4.1
software.

Biolayer interferometry experiments were performed in an
Octet R8 (Sartorius Corporation). Psg23 diluted at 40 mg/ml
in sodium acetate pH 4.0 was immobilized on amine reactive
second generation biosensors using standard amine coupling
chemistry and following the manufacturer instructions. HBS-
EP buffer was used for baseline recordings, the dissociation
steps, and to dilute the analytes (murine GAL-9, GAL-3,
GAL-1, human GAL-7, and Fc control). For kinetic experi-
ments, Psg23 was associated for 120 s with increasing con-
centration of GAL-9 ranging from 200 to 6.25 nM and left to
dissociate in HBS-EP buffer for 180 s. For competition assays,
0.1 mM GAL-9 was diluted in HBS-EP without or with the
addition of either 0.5 to 1.5 mM sucrose or lactose before
binding to Psg23. All data analysis was performed with the
Octet Analysis Studio (https://www.sartorius.com/en/
products/biolayer-interferometry/octet-systems-software).

ELISAs

The direct interaction of PSG1 with human GAL-9 was
determined by ELISA. Wells of a 96-well plate were coated
with GAL-9 (8 mg/ml) in PBS overnight at 4 �C. The coated
wells were washed with PBS, 0.05% Tween-20, and the residual
binding sites were blocked with 3% BSA in PBS. After washing,
2 mg/ml of native PSG1 was added for an overnight incubation
at 4 �C. Bound PSG1 was detected with biotin-labeled anti-
PSG MAb#4 (32) followed by streptavidin-HRP (BD
Biosciences).

Cell treatments

Monocytes were seeded at 3.5 to 4 x 10E5 cells per well in
macrophage serum-free media in a 96-well plate in 100 ml and
treated in triplicate wells with 1.5, 2.5, or 3 mg/ml of GAL-9
(R&D, catalog# 2045-GA) or PBS for 24 h (final
volume = 125 ml/well) to determine the concentration of GAL-
9 required for each donor to observe induction of TNF-a. For
treatments with GAL-9 (the concentration was chosen based
on the response of the particular donor) and PSG1-Fc (versus
Fc only control), proteins were coincubated in 25 ml for 1 h at
37 �C prior to the addition to monocytes seeded as described
above. Cell supernatants were collected 24 h after treatment
and stored at −20 �C. Human TNF cytokine levels were
determined by ELISA using the Human TNF-alpha DuoSet
ELISA kit according to the manufacturer’s instructions (Cat-
alog# DY210–05). RAW 264.7 cells were seeded in triplicate
for each treatment on a 96-well plate at 1.8 × 10E6 cells/ml, in
100 ml per well for 3 h. Treatments were added in 50 ml for a
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total volume of 150 ml/well for 20 h. Mouse TNF-a cytokine
levels were determined by ELISA using mouse TNF-alpha
DuoSet ELISA kit (R&D, catalog#DY410–05) according to
the manufacturer’s instructions.

RAW 264.7 macrophages carrying a secreted embryonic
alkaline phosphatase (SEAP) reporter construct inducible by
the NF-kB- and AP-1 transcription factors (RAW-Blue,
InvivoGen) were scraped from the flask and resuspended in
RAW-Blue test media (Dulbecco’s modified Eagle’s medium,
10% HI FBS, 100 mg/ml normocin and 2 mM L-glutamine).
Cells were then plated at 1 × 10E5 cells per well in a 96-well
plate in a 180 ml volume in triplicate wells for each treat-
ment. GAL-9 and ultrapure LPS.B5 (InvivoGen) at the con-
centrations indicated were added for a final volume of 200 ml.
After an 18-h incubation, secreted embryonic alkaline
phosphatase was detected in the supernatants using the
QUANTI-Blue detection medium according to manufacturer
recommendations (InvivoGen). The plate was read at 600 nm
in a GloMax plate reader (Promega).

Apoptosis and viability tests

Jurkat cells were seeded in a 24 well plate at 2 × 10E6 cells/
ml in 0.5 ml of media. PSG1-Fc and GAL-9 were preincubated
at 37 �C for 1 h and then added to the cells. After 24 h
treatment, cells were collected, washed, and stained with
FITC-Annexin (BioLegend, catalog# 640906) and SYTOX Blue
(Thermo Fisher Scientific, catalog# S34857) and analyzed us-
ing the BD LSR II (BD Biosciences). Fifty thousand total events
were collected for each condition using the FACSDiva soft-
ware (BD Biosciences, https://www.bdbiosciences.com/en-us/
products/software/instrument-software/bd-facsdiva-software),
and the FlowJo software (V10.0.8, BD Biosciences, https://
www.flowjo.com) was used for postacquisition analysis.

Human CD4+ T cells (bulk and naïve) were purified from
PBMCs using EasySep Human CD4+ T Cell Enrichment Kits
(Catalog#17952) or Human Naïve CD4+ T Cell Isolation Kits
(Catalog#19555) (STEMCELL Technologies) according to
the manufacturer’s instructions. Cell suspensions were
maintained in RPMI-1640 medium containing 10% HI FBS,
1-mM sodium pyruvate, 4.5-g/L glucose, with anti-CD3/
CD28 beads, and recombinant hIL-2. Thirty thousand cells
per well were seeded in a white flat-bottom plate. PSG1 and
GAL-9 were preincubated at 37 �C for 1 h before being
added to the T cells. Apoptosis and necrosis were assessed
using RealTime-Glo Annexin V Apoptosis and Necrosis
Assay (Promega, catalog# JA1011) according to the manu-
facturer’s instructions. Luminescence and fluorescence mea-
surements were recorded using a GloMax plate reader
(Promega).

Human cell culture conditions to study Treg conversion

Naïve CD4+ T cells were isolated from PBMCs using a
Naïve T Cell Isolation Kit (STEMCELL Technologies, Cata-
log# 19555). Cells were cultured as stated above in RPMI 1040
with 10% FBS and 100 mg/ml penicillin/streptomycin with
anti-CD3/CD28 beads (GenScript, Catalog#L00899) and
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recombinant hIL-2 in the presence of the indicated recombi-
nant proteins.

Flow cytometric analysis

Five days after plating, T cells were washed and resuspended
in serum and azide-free PBS and were stained with the eFluor
780 Viability dye (eBioscience, Catalog#65–0865–14) for
30 min at 4 �C. Cells were washed and incubated with anti-
mouse CD4-FITC (OKT4) and CD25-APC (Thermo Fisher
Scientific, Catalog# 88–8999–40) for 30 min at RT. Cells were
fixed and permeabilized using the FoxP3 Staining Buffer Set
(Thermo Fisher Scientific, Catalog# 88–8999–40), and then
stained with anti-mouse FoxP3-PE (Thermo Fisher Scientific,
Catalog# 88–8999–40). Human samples were gated for CD4
expression before gating for FoxP3 expression. Samples were
run on a benchtop BD FACSymphony A5 Cell Analyzer (BD
Biosciences) and analysis was performed using FlowJo FACS
analysis software (https://www.flowjo.com).

Statistics

Statistical analyses were performed using a one-tailed two-
tailed Student’s t test. Posthoc comparisons were performed
using Sidak’s test. For the comparison of TNF-a levels in
human monocytes, we used the Wilcoxon signed-rank test.
Data were presented as mean ± SD. All data were analyzed
using the Graphpad Prism (https://www.graphpad.com). Dif-
ferences were considered significant when p < 0.05.

Data availability

All data are contained within the manuscript.
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