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Abstract: Background: We developed the Stem Cell Educator therapy among multiple clinical trials
based on the immune modulations of multipotent cord blood-derived stem cells (CB-SCs) on different
compartments of immune cells, such as T cells and monocytes/macrophages, in type 1 diabetes and
other autoimmune diseases. However, the effects of CB-SCs on the B cells remained unclear. To better
understand the molecular mechanisms underlying the immune education of CB-SCs, we explored
the modulations of CB-SCs on human B cells. Methods: CB-SCs were isolated from human cord
blood units and confirmed by flow cytometry with different markers for their purity. B cells were
purified by using anti-CD19 immunomagnetic beads from human peripheral blood mononuclear
cells (PBMCs). Next, the activated B cells were treated in the presence or absence of coculture with
CB-SCs for 7 days before undergoing flow cytometry analysis of phenotypic changes with different
markers. Reverse transcription-polymerase chain reaction (RT-PCR) was utilized to evaluate the levels
of galectin expressions on CB-SCs with or without treatment of activated B cells in order to find the
key galectin that was contributing to the B-cell modulation. Results: Flow cytometry demonstrated
that the proliferation of activated B cells was markedly suppressed in the presence of CB-SCs, leading
to the downregulation of immunoglobulin production from the activated B cells. Phenotypic analysis
revealed that treatment with CB-SCs increased the percentage of IgD+CD27− naïve B cells, but
decreased the percentage of IgD−CD27+ switched B cells. The transwell assay showed that the immune
suppression of CB-SCs on B cells was dependent on the galectin-9 molecule, as confirmed by the
blocking experiment with the anti-galectin-9 monoclonal antibody. Mechanistic studies demonstrated
that both calcium levels of cytoplasm and mitochondria were downregulated after the treatment with
CB-SCs, causing the decline in mitochondrial membrane potential in the activated B cells. Western
blot exhibited that the levels of phosphorylated Akt and Erk1/2 signaling proteins in the activated
B cells were also markedly reduced in the presence of CB-SCs. Conclusions: CB-SCs displayed
multiple immune modulations on B cells through the galectin-9-mediated mechanism and calcium
flux/Akt/Erk1/2 signaling pathways. The data advance our current understanding of the molecular
mechanisms underlying the Stem Cell Educator therapy to treat autoimmune diseases in clinics.

Keywords: cord blood-derived stem cells; Stem Cell Educator therapy; B cells; galectin-9; immune
modulation; type 1 diabetes; autoimmune diseases

1. Introduction

Human cord blood-derived stem cells (CB-SCs) display a unique phenotype, with both
embryonic and hematopoietic markers that distinguish them from other known types of
stem cells, including hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs).
CB-SCs display the leukocyte common antigen CD45 and embryonic stem cell markers such
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as the transcription factor OCT 3/4 and SOX2, as well as the immune modulation-associated
markers CD270 and CD274, but are negative for hematopoietic stem cell (HSC) marker
CD34 and mesenchymal stem cell (MSC) markers CD90 and CD105 [1]. Our previous
studies demonstrated that human CB-SCs display multiple immune modulations on T cells
and monocytes/macrophages via surface molecules and released exosomes [1,2]. Based on
CB-SCs’ immunomodulation, we developed the Stem Cell Educator®(SCE) therapy to treat
immune dysfunction-associated diseases, including type 1 diabetes (T1D), type 2 diabetes
(T2D), and alopecia areata (AA) [3–5], through international multicenter clinical trials in
the United States, China, and Spain. SCE therapy circulates a patient’s peripheral blood
mononuclear cells (PBMCs) through a blood cell separator, cocultures their immune cells
with adherent CB-SCs in vitro, and then returns the “educated” immune cells back to the
patient’s blood circulation. Our clinical data have successfully demonstrated the safety and
clinical efficacy of SCE therapy in reversing the autoimmunity, promoting the regeneration
of islet β cells, and improving the metabolic control in T1D and T2D patients [3,4].

B cells have an important role in maintaining homeostasis and the adaptive immune
response through antibody production, antigen presentation, and the production of multi-
ple cytokines [6,7]. Dysfunctions of B cells, including the production of auto-antibodies
and the loss of regulatory B-cell function, are actively contributed to by the pathogen-
esis of diabetes [8–13] and multiple autoimmune diseases [14,15]. For example, their
roles as antibody-producing cells in systemic lupus erythematosus (SLE) [16] and antigen-
presenting cells in T1D and rheumatoid arthritis (RA) have been well recognized [8,17].
Therefore, it is essential to correct B cell-associated immune dysfunctions for the treatment
of autoimmune diseases.

The galectin family comprises the glycan-binding proteins that are expressed by di-
verse types of cells and tissues, including immune and non-immune cells [18,19]. Galectins
typically recognize the glycoproteins/glycolipids through the conserved carbohydrate
recognition domains (CRDs) and bind primarily to β-galactoside carbohydrates with high
specificity [20], which is present on a variety of glycoproteins on the surface of nearly
every cell [18]. In the immune system, galectins are important regulators in the innate and
adaptive immune responses by regulating a variety of immune cell activations, maturations,
and other activities. Galectin-1, -3, and -9 have shown different effects on the function-
ing of T cells by modulating their development, activation, and differentiation [21–23].
However, the actions of galectins in B cells have only recently begun to be deciphered.
Emerging evidence demonstrated that galectins play important roles in the signaling trans-
duction and modulations of B-cell development, differentiation, activation, and antibody
productions [24]. Specifically, galectin-9 (Gal-9) is a 34–39 kDa tandem-repeat-type protein,
consisting of two carbohydrate recognition domains, which is found in immune cells, en-
dothelial cells, and stem cells [25,26]. Gal-9 could not only suppress T-cell activation via the
Tim-3 or PD-1 receptor on T cells [18,27], but could also suppress B-cell activation through
the B-cell receptor [28,29]. Giovannone et al. reported that the common leukocyte antigen
CD45 is the major Gal-9 receptor in human B cells. The binding of CD45 by Gal-9 sup-
presses calcium signaling via a Lyn-CD22-SHP-1 dependent mechanism and blunts B-cell
activation [28]. To date, our mechanistic studies have confirmed the immune modulations
of SCE therapy on the activated T cells, autoimmune memory T cells [30], regulatory T cells
(Tregs) [3], and monocytes/macrophages [2]. The effects of CB-SCs on B cells remained
elusive. Here, we demonstrated the direct immune modulation of CB-SCs on the activated
B cells via the Gal-9-mediated mechanism, leading to the marked suppression of B-cell
proliferation and phenotypic changes.

2. Results
2.1. CB-SCs Suppressed the Proliferation of Activated B Cells

Initially, the purity of CB-SCs was characterized by flow cytometry with CB-SC-
associated markers including leukocyte common antigen CD45, embryonic stem (ES) cell
markers OCT3/4 and SOX2, hematopoietic stem cell marker CD34, and immune tolerance-
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related markers CD270 and CD274. The findings revealed that CB-SCs highly expressed
CD45, OCT3/4, SOX2, CD270, and CD274, but did not express CD34 (Figure 1A). Therefore,
CD45 and Oct3/4 were specially selected and routinely utilized for the purity confirmation
of CB-SCs (at ≥95% of CD45+ OCT3/4+ CB-SC).

Figure 1. Immunosuppression of cord blood-derived stem cell on the B cell. (A) Phenotypic char-
acterization of CB-SC with high purity. CB-SCs were analyzed by flow cytometry with associated
markers, including common leukocyte antigen CD45, embryonic stem cell markers OCT3/4 and
SOX2, hematopoietic stem cell marker CD34, and the immune modulation-related markers CD270
and CD274. Isotype-matched immunoglobulin G (IgGs) served as control. Data were represented
from four experiments with similar results. (B) Suppression of B-cell proliferation by CB-SC. The car-
boxyfluorescein succinimidyl ester (CFSE)-labeled B cells were stimulated to proliferate with acti-
vation cocktails in the presence of different ratios of CB-SCs. Untreated B cells served as negative
control. Histograms of flow cytometry were representative of five experiments with similar results.
(C) Quantitative analysis of B-cell proliferation shows a remarkable decrease in B cell expansion
after the treatment with CB-SCs at the different ratios of CB-SCs: B cells of 1:10 (n.s., p > 0.05, N = 3),
1:5 (p = 0.025, N = 3), and 1:2 (p = 0.002, N = 3).

To explore the immune modulation effects of CB-SCs on B cells, CB-SCs were cocul-
tured with B cells at different ratios of CB-SCs. B cells at different ratios (e.g., 1:2, 1:5,
and 1:10) and B cells only were activated by the cocktails (anti-IgM, rCD40L, IL-2, IL-4,
IL-10, IL-21) [28]. The purity of positively selected CD19+ cells was more than 95%, as
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determined by flow cytometry with Korman orange-conjugated mouse antihuman CD19
antibody. The proliferation of B cells was examined by flow cytometry, after carboxyfluores-
cein succinimidyl (CFSE) staining and in combination with the propidium iodide staining,
to determine the dead cells. The results revealed that there were no differences in the
percentages of dead cells among different groups of CB-SC treatments relative to that
of CB-SC-untreated B cells (Figure S1). However, the percentages of B-cell proliferation
markedly declined from 91.52 ± 5.31 to 65.84 ± 8.24 at the ratio of 1:2 (p < 0.005) and
76.78 ± 7.44 at the ratio of 1:5 (p < 0.05), respectively (Figure 1B,C). The data indicated the
suppression of CB-SCs on the B-cell proliferation.

2.2. CB-SCs Inhibited Immunoglobulin Production

Immunoglobulins are proteins that are secreted by plasma B cells and are present
on the surface of B cells (e.g., IgD). They are assembled from identical couples of heavy
and light chains. Based on the difference among heavy chains, immunoglobulins are
characterized by five classes of Ig: IgM, IgG, IgA, IgE, and IgD. To explore the effects of
CB-SCs on B cells, Ig productions were examined by using flow cytometry. Comparing
with the Ig productions of CB-SC-untreated B cells, the data showed that CB-SCs could
markedly inhibit Ig production at a ratio of CB-SC/B-cells of 1:5. As shown in Figure 2,
a significant reduction in several Ig classes was detected, including IgG1 production
(p = 0.0068) (Figure 2A), IgG2 (p = 0.330) (Figure 2B), IgG3 (p = 0.002) (Figure 2C), IgG4
(p = 0.0035) (Figure 2D), IgA (p = 0.048) (Figure 2E), and IgM (p = 0.019) (Figure 2F).

Figure 2. Inhibition of B-cell immunoglobulin production by CB-SCs. B cells were stimulated
in the presence of cocktails (anti-IgM, rCD40L, IL-2, IL-4, IL-10, IL-21). CB-SCs markedly inhibit
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Ig production of stimulated B cells at a ratio of CB-SC/B-cells of 1:5. Untreated B cells served as
negative control. (A) CB-SCs inhibit IgG1 production. p = 0.0068 (N = 4). (B) CB-SCs inhibit IgG2
production. p = 0.330 (N = 6). (C) CB-SCs inhibit IgG3 production. p = 0.002 (N = 4). (D) CB-SCs
inhibit IgG4 production. p = 0.0035 (N = 6). (E) CB-SCs inhibit IgA production. p = 0.048 (N = 4).
(F) CB-SCs inhibit IgM production. p = 0.019 (N = 6). n.s., p > 0.05.

2.3. Modulation of CB-SC on Naïve and Memory B Cells

CD27 and IgD are the widely accepted biomarkers that are used to characterize B cells
into memory and naïve subsets, such as naïve B cells (CD27−IgD+), switched memory
B cells (CD27+IgD−), and non-switched memory B cells (CD27+ IgD+) [31]. To further
explore the effects of CB-SCs on memory B cells, the activated B cells were treated with
or without CB-SCs. Flow cytometry established that both the percentages of naïve B cells
and switched B cells were significantly downregulated after the B-cell activation. However,
their percentages were markedly changed after the treatment with CB-SCs (Figure 3A,B,D).
The percentage of naïve B cells was increased from 8.79 ± 2.14 for CB-SC-untreated B cells
to 28.23 ± 4.82 for CB-SC-treated B cells at a CB-SC/B cell ratio of 1:2. (p = 0.0002, Figure 3B).
On the other hand, the percentage of switched memory B cells decreased from 63.53 ± 6.85
for CB-SC-untreated B cells to 48.75 ± 3.09 for CB-SC-treated B cells at a CB-SC/B cell ratio
of 1:2. (p = 0.0004, Figure 3D). Notably, the percentage of non-switched CD27+IgD+ memory
B cells failed to mark changes before and after the treatment with CB-SCs (Figure 3C).
The data suggest the modulation effect of CB-SCs on the B-cell differentiation.

Figure 3. Modulation of different B cell subpopulations by CB-SCs. (A–D) B cells were collected for
flow cytometry after the coculture with CB-SCs for 7 days. Only the propidium iodide (PI)-negative
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viable cells were gated for flow cytometry analysis. (A) Upregulation of the percentage of naïve
B cells by CB-SCs and downregulation of the percentage of switched B cells. Histograms of flow
cytometry were representative of four experiments with similar results. Isotype-matched IgGs served
as negative controls. N = 4. (B) Increase in the percentage of naïve B cells after the treatment with
CB-SCs at a ratio of 1:5 (p = 0.043, N = 4), 1:2 (p = 0.0002, N = 4). (C) There is no significant effect on
the percentage of non-switched B cells. N = 4. (D) Decrease in the percentage of switched B cells
(N = 4). Results are given as mean ± SD. P < 0.05 as a significant difference.

2.4. CB-SC-Mediated B Cell Suppression via the Cell–Cell Contact Regulation

Our previous studies demonstrated that the CB-SC-mediated immune modulations of
T cells were achieved through multiple mechanisms, such as PD-L1/PD1-mediated cell–cell
inhibition and releasing soluble factors (e.g., nitric oxide and transforming growth factor-
β1) [1]. To elaborate on whether the cell–cell contact or soluble factors were involved in the
immune modulations of CB-SCs on B cells, transwell-based coculture experiments were
accordingly performed, in which CB-SCs and stimulated B cells were either in direct contact
with or physically separated from the transwell inserts. Flow cytometry revealed that the
suppression of CB-SCs on B-cell proliferation was abolished in the transwell coculture
system (Figure 4A,B), highlighting the possible involvement of the surface or intracellular
molecules that are expressed on CB-SCs, which contributes to the suppression of B cells.

Figure 4. Cell–cell-contact-mediated mechanism contributes to the CB-SC-mediated immune sup-
pression. (A) CB-SCs cocultured with CFSE-labeled stimulated B cells in transwells. CB-SCs directly
cocultured with CFSE-labeled stimulated B cells served as control. Both unstimulated and stimulated
B cells without CB-SC coculture served as additional control. Histograms of flow cytometry were
representative of four experiments with similar results. (B) CB-SCs failed to suppress the proliferation
of stimulated B cells in transwell coculture system at a ratio of CB-SC/B cells of 1:5. In contrast,
the direct coculture of CB-SCs with stimulated B cells displayed the marked inhibition of B-cell
proliferation at the same ratio (p = 0.0059, N = 4), n.s., p > 0.05.
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2.5. The Expression of Gal-9 on CB-SCs Acts as a Key Molecule Contributing to the
B-Cell Modulation

Our previous works demonstrated that CB-SCs displayed PD-L1 (CD274) [32] and
herpesvirus entry mediator (HVEM, CD270) [5], which contributed to the immune modula-
tions of CB-SCs on T cells. To reveal the molecular mechanisms underlying the immune
modulation of CB-SCs on B cells, we further explored other potential surface molecules such
as galectins [28,33], which are involved in the immune suppression of human mesenchymal
stem cells (MSC) on both T and B cells [26,34]. Galectins have been recognized as essential
regulators contributing to the induction of an immune tolerance and homeostasis, therefore
functioning as attractive therapeutic targets for attenuating autoimmune and inflammation
disorders [23,35]. To determine whether galectins were involved in the immune modu-
lation of CB-SCs on B cells, we first analyzed the profile of galectin mRNA expressions
including Gal-1, -2, -3, -4, -7, -8, -9, -10, -12, -13, and -14 (Figure 5A, Table S1). The RT-PCR
results showed that there were higher expressions of Gal-1, -2, -3, -4, -7, -8, and -9 mRNA
than those of others (e.g., Gal-10, -12, -13, and -14) in CB-SCs (Figure S2). In comparison
with the changes in other galectin mRNA levels, the level of Gal-9 mRNA expression was
markedly increased to approximately 10-fold in the CB-SCs that were cocultured with the
activated B cells for 48 h (Figure 5A). To confirm whether the protein level of Gal-9 was
also upregulated, we performed flow cytometry with Gal-9 mAb. The flow data revealed
that the median fluorescence intensity (MFI) in CB-SCs was significantly increased in the
presence of activated B cells (Figure 5B,C). To further prove the involvement of CB-SC-
expressed Gal-9 in the immune modulation of CB-SCs on B cells, we performed a blocking
experiment by neutralizing Gal-9 mAb. It was found that the neutralization of Gal-9 with
Gal-9 mAb marginally reversed the CB-SC-induced proliferation suppression of activated
B cells compared to that without a Gal-9 mAb blocking group (p = 0.025, Figure 5D). This
finding verified that the CB-SC-expressed Gal-9 contributed to the immune modulation of
CB-SCs on activated B cells.

2.6. Gal-9-Dependent Suppression of Calcium Flux in B Cells by CB-SCs

The activation and proliferation of B cells are initiated by the B cell receptor (BCR),
which triggers a number of signaling cascades [36]. Increases in the intracellular Ca2+ levels
are essential in order to tune the B-cell responses and subsequent development post the
BCR activation [37]. To further explore the molecular mechanism underlying the inhibition
of B-cell proliferation by the treatment with CB-SCs, we examined the changes in cytosolic
and mitochondrial Ca2+ levels in the CB-SC-treated B cells by flow cytometry after being
stimulated with B cell-dependent activation cocktails. The cytosolic calcium level was
assessed by using the Fluor-4 staining. As shown in Figure 6A, the median fluorescence
intensity of Fluo-4+-activated B cells was markedly downregulated in the presence of
CB-SC at a CB-SC/B cell ratio of 1:5 (p = 0.004). The suppressive effect on the cytosolic Ca2+

levels was reversed after the blocking with Gal-9 mAb (Figure 6A). The direct influence
of Gal-9 on the cytosolic Ca2+ level was further evidenced by the attenuated cytosolic
Ca2+ level upon 0.5 µg/mL recombinant Gal-9 (Figure 6A). Using the Rhod-2 staining
as an indicator for the mitochondrial calcium, we were also able to demonstrate that the
mitochondrial Ca2+ levels in the stimulated B cells were significantly reduced after the
treatment with CB-SCs at a ratio of 1:5 of CB-SC to B cells (Figure 6B). Similar to the changes
in the cytosolic Ca2+ levels, the mitochondrial Ca2+ levels in the CB-SC-treated B cells could
be rebounded back upon blocking with the Gal-9 mAb (Figure 6B). In addition, a reduction
in the mitochondrial membrane potential was also noticed with the stimulated B cells after
the treatment with CB-SCs, and such a reduction was almost completely recovered after
the blocking treatment with Gal-9 mAb (Figure 6C and Figure S5). All these data suggest
that the Gal-9-mediated Ca2+ signaling pathway plays a key role in the CB-SC-induced
modulation of the activated B cells.
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Figure 5. Gal-9 expressed on CB-SC acts as the key mediator for the CB-SC-induced B-cell suppression.
(A) Changes in the levels of galectin expressions after coculture of CB-SCs with the stimulated B cells
for 2 days (N = 3). (B) Upregulated level of Gal-9 expression on CB-SCs after coculture with stimulated
B cells (red line) relative to that on the untreated CB-SC (green line). Isotype-matched IgG served
as negative control. N = 3. (C) Increased level of Gal-9 expression (median fluorescence intensity,
MFI) on CB-SCs after coculture with stimulated B cells. The data are given as mean ± SD of three
experiments with CB-SC (N = 3)-treated B cells (N = 3). (D) Stimulated B cells were cocultured with
CB-SCs at ratio of 1:2 in the presence or absence of Gal-9 mAb blocking. The inhibition of CB-SCs
on B-cell proliferation was abolished after blocking with Gal-9 mAb (stimulated B cells with CB-SC
vs. stimulated B cells + CB-SC + Gal-9 mAb, p = 0.025, N = 4), n.s., p > 0.05. The carboxyfluorescein
succinimidyl ester (CFSE)-labeled B cells were stimulated to proliferate with activation cocktails in
the presence of CB-SCs at ratio of 1:2 in 24-well plate at 37 ◦C with 8% CO2 for 7 days and followed
by flow cytometry. Untreated B cells served as negative control.

Additionally, Western blotting was also performed to further investigate the BCR
downstream molecules in order to confirm the direct participation of BCR in the Gal-
9-mediated regulation. As shown in Figure S6, both the BCR downstream molecules
phospho-Akt and phospho-Erk1/2 were drastically upregulated in the stimulated B cells
despite the comparable total protein levels. Interestingly, the treatment with CB-SCs or
recombinant human Gal-9 (0.5 µg/mL) significantly reduced the p-Akt and p-Erk1/2 levels
to those of the unstimulated controls. Such inhibitory effects of CB-SCs on the p-Akt and
p-Erk1/2 were almost completely abolished after blocking with Gal-9 mAb (Figure S6).
The obtained data strongly indicate that Gal-9 expressed on CB-SCs contributed to the
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immune modulation of CB-SCs on B cells via the regulation of the Ca2+ flux and the
phosphorylation of the Akt and Erk1/2 signaling pathways.

Figure 6. Gal-9 expressed on CB-SCs contributes to the modulation of Ca2+-associated signaling
pathways in stimulated B cells. (A) Flow cytometry analysis of cytoplasmic Ca2+ with Fluor-4 staining
shows the remarkable decrease in the median fluorescence intensity (MFI) value of Fluor-4+ B cells
after the treatment with CB-SCs (p = 0.0004, N = 3) or 0.5 µg/mL rGal-9 (p = 0.0003, N = 3), but they
are markedly increased after blocking with Gal-9 mAb. (B) Flow cytometry analysis of mitochondrial
Ca2+ with Rhod-2 staining shows the substantial decline in the MFI value of Rhod-2+ B cells after the
treatment with CB-SCs (p = 0.0068, N = 3) or 0.5 µg/mL rGal-9 (p = 0.0127, N = 3), but they are clearly
improved after blocking with Gal-9 mAb. (C) Downregulation of the mitochondrial membrane potential
in the stimulated B cells after the treatment with CB-SCs, which was performed in the Gal-9-dependent
manner as demonstrated by flow cytometry analysis after staining with TMRE (N = 3).

3. Discussion

Over the last 12 years, CB-SCs have been utilized in international multicenter clinical
trials and designated to Stem Cell Educator® therapy for the treatment of autoimmune
diseases, including type 1 diabetes [3,30], alopecia areata [5], and other chronic metabolic
inflammation-associated diseases (e.g., type 2 diabetes [4]). Mechanistic studies have
demonstrated that CB-SCs displayed strong immune modulation on T cells and monocytes
such as the inhibition of T-cell activation and proliferation, percentage reductions of effector
memory T cells (TEM) [30], and the induction of the differentiation of monocytes into anti-
inflammation type 2 macrophages (M2) [2]. However, the mechanistic modulation of CB-SC
on B cells is yet to unfold. Here, we demonstrated the CB-SC-induced immunomodulation
on activated B cells by inhibiting the B-cell proliferation and the activation of naïve B
cells, downregulating the differentiation of switched memory B cells, and reducing the
production of immunoglobulins. These findings clearly advance our understanding of the
molecular mechanism of Stem Cell Educator therapy for the treatment of T1D and other
autoimmune diseases.

B cells are important effector cells that are involved in the pathogenesis of autoim-
mune diseases through the production of auto-antibodies, the promotion of CD4+ T cell
responses via antigen presentation, and the release of inflammatory cytokines (e.g., TNF-α
and IL-6) [15,38]. Increasing evidence indicates the importance of B cell-mediated autoim-
munity in the pathogenesis of T1D, even though T cells are generally considered the major
pathogenic effector cells contributing to the destruction of islet β cells. Researchers found
that blocking B cells or impairing the B cell function will significantly decrease the inci-
dence of diabetes in non-obese diabetic mice [39,40]. Additionally, the depletion of B cells
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with antihuman CD20 antibody (Rituximab) markedly preserved the islet β-cell function
and improved C-peptide levels after 1 year of follow-up in recent-onset T1D patients [41].
The current study demonstrated that CB-SCs markedly suppressed the proliferation of
activated B cells and reduced the antibody productions in these activated B cells. Therefore,
these data suggest the clinical translational potential of Stem Cell Educator therapy to
treat other B cell-mediated autoimmune diseases. These therapeutic effects on B cells will
be tested in our ongoing FDA-approved clinical trial (IND #19247, ClinicalTrials.gov ID:
NCT04011020) by using Stem Cell Educator therapy to treat T1D subjects.

To date, the characterization of the B-cell phenotype with multiparameter flow cytom-
etry has identified several B-cell subpopulations, including CD27+IgD+ non-switched mem-
ory B cells and CD27+IgD− switched memory B cells, which may represent a biomarker
for some autoimmune diseases. For instance, the percentage of switched memory B cells
increased in systemic lupus erythematosus and rheumatoid arthritis may contribute to
this [42–44]. Our flow cytometry analysis substantiated that the percentage of switched
memory B cells was markedly reduced after the treatment with CB-SCs in a dose-dependent
manner. Notably, the percentage of naïve B cells (CD27−IgD+) was increased, highlighting
the modulation of CB-SCs on B-cell differentiation with the reduction in memory B cells.

To elucidate the molecular basis of SCE therapy, previous studies have identified
several molecular and cellular pathways that alter autoimmune T cells and the functions
of pathogenic monocytes/macrophages (Mo/Mϕs) to elicit immune tolerance via (1) the
expression of the autoimmune regulator (AIRE) in CB-SCs, which is a master transcrip-
tional regulator that acts to eliminate the self-antigen-reactive T cells in the thymus and
is controlled by the activation of the receptor activator of NF-κB signaling pathway [45];
(2) the secretion of CB-SC-derived exosomes (cbExosomes), which polarize human blood
Mo/Mϕ into type 2 macrophages (M2) [2], further contributing to immune tolerance and
preventing β-cell destruction; and (3) the migration of platelet-derived mitochondria (pMi-
tochondria) to islets, which are absorbed by pancreatic islets and contribute to an improved
proliferation of human islet β cells [46].

Our current studies revealed the direct immune modulation of CB-SCs on activated
B cells through the Gal-9, as demonstrated by transwell coculture and a blocking exper-
iment with anti-Gal-9 mAb. What is more, further mechanistic studies confirmed that
Gal-9 expressed on CB-SCs directly contributed to the regulation of the Ca2+ flux and phos-
phorylation of Akt and Erk1/2 signaling pathways in the stimulated B cells. Waters and
colleagues reported an increase in the oxidative phosphorylation and mitochondrial mem-
brane potential (∆ψm) among the stimulated B cells [47], which was consistent with our cur-
rent data showing the enhanced median fluorescence intensity of TMRE staining. Notably,
the ∆ψm of stimulated B cells was substantially reduced in the Gal-9-dependent manner.

Galectins are β-galacotoside-binding lectins, which can be expressed by different
types of stem cells and act as regulators of immune cell function [48], especially galectin-3
and Gal-9. Galectin-3 suppresses the activation of TCR-mediated signal transduction,
while Gal-9 binds T cell Ig mucin-3 (Tim-3) and induces negative regulate T helper 1
immunity [49]. Our current data confirmed that galectin-1, 2, 3, 4, 7, 8, and 9 were highly
expressed in CB-SCs. Gal-9 contributed to the immune modulation of CB-SCs on activated
B cells. In line with our current study, the expression of Gal-9 on mesenchymal stem cells
displays immune modulations on T/B cells and a therapeutic potential in experimental
endotoxemia [26,50]. Interestingly, both the mRNA and protein levels of Gal-9 expression
were markedly increased in CB-SCs after coculture with the activated B cells. The detailed
molecular mechanism needs to be explored. Gal-9 was not only located in the cytoplasm
and on the cellular membrane, but also acted as a soluble factor that is involved in the
immune modulation [18,27]. To test this possibility, we found that CB-SC-released Gal-9
was less than 10% of the total CB-SC-derived Gal-9 after 3 days of culture (Figure S3).
Therefore, Gal-9 produced by CB-SCs (including both intracellular and cell surface Gal-9)
displayed more potential than the soluble form of CB-SC-secreted Gal-9 during the B-cell
immune modulation. Further studies are needed to discriminate the roles of intracellular
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and cell surface Gal-9 expressed by CB-SCs during their B-cell modulations. Giovannone
et al. reported that Gal-9 can directly bind to the poly-LacNAc-containing N-glycans on the
common leukocyte antigen CD45 of B cells, leading to diminished intracellular calcium
levels and ultimately inhibiting B cell activation [28]. This report was consistent with
the reduction in cytosolic Ca2+ levels in our current study. Additionally, several studies
revealed the distribution of IgM on B-cell surface membranes which form the nanoscale
clusters and act as BCRs of primary B cells [29,51,52]. Using dual-color direct stochastic
optical reconstruction microscopy, Cao and colleagues confirmed that Gal-9 can also directly
bind to the IgM-BCR of murine B cells [29], nearly resulting in a complete abolishment of
the BCR activation [29]. Due to the BCR-mediated Ca2+ influx as the critical signal for B cell
activation [53], the immune modulation of CB-SCs on activated B cells primarily targets
the regulation of intracellular Ca2+ levels through the Gal-9-mediated pathway, leading
to dampened B-cell responses and shaping their differentiation. These novel molecular
mechanisms will facilitate the clinical translation of Stem Cell Educator therapy to treat
T1D and other autoimmune diseases.

4. Materials and Methods
4.1. B-Cell Isolation and Culture

Human peripheral blood mononuclear cells (PBMCs) (N = 12, aged from 31 to
64 years with an average of 46.83 ± 9.67 years old, male =7, female = 5) were isolated
by Ficoll-hypaque density gradient (GE Healthcare, Chicago, IL, USA) from the buffy
coats (Figure S4) purchased from the New York Blood Center (NYBC, New York, NY,
USA). NYBC have received all accreditations for human blood collections and distributions
and the methodology to clarify the sources of the cells, with institutional review board
(IRB) approval and signed consent forms from donors. The isolations of PBMCs were
performed as previously described [2]. PBMC cell suspensions were pre-treated with
anti-CD19-conjugated microbeads (Miltenyi Biotec, Auburn, CA, USA) according to the
manufacturer’s instructions. The purified CD19+ B cells were cultured in the chemically-
defined and serum-free X-VIVO 15 medium (Lonza, Walkersville, MD, USA).

4.2. Proliferation Assay

To examine the effects of CB-SCs on B-cell proliferation, B cells were stimulated by
the following combination at 37 ◦C and 5% CO2 conditions: the goat antihuman IgM
F (ab’)2 (10 µg/mL), recombinant CD40L (rCD40L 1 µg/mL), IL-2 (10 ng/mL), IL-10
(20 ng/mL), and IL-21 (50 ng/mL) in the presence of the treatment with CB-SC for 7 days
at the respective CB-SC/B cell ratios of 1:2, 1:5, and 1:10 in duplicates. The stimulated and
unstimulated B cells in the absence of CB-SCs served as positive and negative controls,
respectively. To detect the B-cell proliferation, the purified B cells were initially labeled
with carboxyfluorescein succinimidyl ester (CFSE) (Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s protocol. Consequently, the proliferation of B cells was
detected by flow cytometry.

4.3. Culture of CB-SC and Coculture of CB-SCs with B Cells

The culture of CB-SCs was performed as previously described [2]. In brief, human
umbilical cord blood units were collected from healthy donors and purchased from the
Cryo-Cell international blood bank (Oldsmar, FL, USA). Cryo-cell has received all accredi-
tations for cord blood collections and distributions, with hospital institutional review board
approval and signed consent forms from donors. Mononuclear cells were isolated with
Ficoll-hypaque (γ = 1.077, GE Health), and red blood cells were lysed using the ammonium-
chloride-potassium (ACK) lysis buffer (Lonza, MD, USA). The remaining mononuclear
cells were seeded in 150 × 15 mm style non-tissue culture-treated Petri dishes or non-tissue
culture-treated 24-well plates (REF 351147, Corning Incorporated, Corning, NY, USA) at
1 × 106 cells/mL. Cells were cultured in X-VIVO 15 chemically-defined serum-free culture
medium and incubated at 37 ◦C with 8% CO2 for 10–14 days.
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For the coculture of CB-SC with B cells: Initially, cord blood-derived mononuclear
cells were planted in non-tissue culture-treated 24-well plates at 1 × 106 cells per well and
cultured in serum-free X-VIVO 15 media at 37 ◦C and 8% CO2 conditions for 10–14 days.
Normally, CB-SCs reach above 80% confluence after culture for 10–14 days. The number of
CB-SCs at 80% confluence was about 1 × 105 cells/1 mL/well. All floating cells and debris
were washed away, with the purified CB-SCs adhering to the bottom of plate and ready for
the coculture with B cells. The starting cell concentration for B cells was 2 × 105 B cells per
well for a CB-SC/B cell ratio of 1:2; 5 × 105 B cells per well for a CB-SC/B cell ratio of 1:5;
and 10 × 105 B cells per well for a CB-SC/B cell ratio of 1:10. There was no changing the
media during the coculture for 7 days. CB-SCs tightly adhered to the surface of non-tissue
culture plate and were resistant to the detachment with EDTA-trypsin, making it easy to
separate CB-SCs from B cells for analysis in following experiments.

4.4. Quantitative Real-Time PCR Assay

The mRNA expressions of the galectin family were analyzed by quantitative real-time
PCR as previously described [46]. Total RNA was extracted from CB-SCs using RNeasy
mini Kit (Qiagen, Redwood City, CA, USA). The purity of RNA was routinely tested with a
NanoDrop Spectrophotometer, with the ratio of absorbance at 260 nm and 280 nm normally
at ~2.0. Then, 500 ng RNA was prepared for the cDNA transcription in 20 µL total volume.
Consequently, the cDNA was diluted to 100 µL with DEPC water, and 1 µL of diluted cDNA
was utilized for each qRT-PCR. First-strand cDNA were synthesized from total RNA using
an iScript gDNA Clear cDNA synthesis Kit according to the manufacturer’s instructions
(Bio-Rad, Hercules, CA, USA). Real-time PCR was performed using the StepOnePlus
Real-time PCR system (Applied Biosystems, Waltham, MA, USA) under the following
conditions: 95 ◦C for 10 min, then 40 cycles of 95 ◦C for 15 s, and 60 ◦C for 60 s. cDNA was
amplified with the validated specific primers (Table 1) [54]. β-actin was used as controls.

Table 1. List of primer sequences for RT-PCR analysis of human galectins.

Forward Primer (5′–3′) Reverse Primer (5′–3′)

Galectin 1 TGCAACAGCAAGGACGGC CACCTCTGCAACACTTCCA
Galectin 2 GATGGCACTGATGGCTTTG AGACAATGGTGGATTCGCT
Galectin 3 CAGAATTGCTTTAGATTTCCAA TTATCCAGCTTTGTATTGCAA
Galectin 4 CGAGGAGAAGAAGATCACCC CTCTGGAAGGCCGAGAGG
Galectin 7 CAGCAAGGAGCAAGGCTC AAGTGGTGGTACTGGGCG
Galectin 8 CTTAGGCTGCCATTCGCT AAGCTTTTGGCATTTGCA
Galectin 9 CTTTCATCACCACCATTCTG ATGTGGAACCTCTGAGCACTG

Galectin 10 AGTGTGCTTTGGTCGTCGT ATGCTCAGTTCAAATTCTTGG
Galectin 12 TGTGAGCCTGAGGGACCA GCTGAGATCAGTTTCTTCTGC
Galectin 13 CTTTACCCGTGCCATACAA GTGGGTCATTGATAAAAGAGTG
Galectin 14 CCTTGATGATTGTGGTACCAT GTGGGTCCTTGACAAAAGTG
Beta actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

4.5. Assay for Antibody Production

To detect the antibodies produced by B cells, B cells were stimulated by the following
combination: goat antihuman IgM F (ab’)2 (10 µg/mL), recombinant CD40L (1 µg/mL),
IL-2 (10 ng/mL), IL-10 (20 ng/mL), and IL-21 (50 ng/mL) in the presence or absence
of the treatment with CB-SCs in 24-well plates, with 500 µL chemically-defined serum-
free culture X-VIVO 15 medium (Lonza, Walkersville, MD, USA) per well. After the
treatment for 7 days, the supernatants were collected to determine the levels of antibody
productions (e.g., IgG1, IgG2, IgG3, IgG4, IgA, and IgM) by using LEGENDplexTM Human
Immunoglobulin Isotyping Panel according to the manufacturer’s manual (Biolegend, San
Diego, CA, USA). The Gallios Flow Cytometer was utilized to analyze the data according
to the manufacturer’s recommended protocol.
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4.6. Blocking Experiments with Gal-9 Antibody

To determine whether Gal-9 contributes to the immune suppression of CB-SCs on the
activated B cells, the purified CD19-positive B cells were activated with goat antihuman
IgM F(ab’)2 (10 µg/mL), recombinant CD40L (rCD40L 1 µg/mL), IL-2 (10 ng/mL), IL-10
(20 ng/mL), and IL-21 (50 ng/mL) in the presence or absence of CB-SCs at a ratio of 1:2 in
24-well plate or 6-well plates, with or without adding Gal-9 mAb (10 µg/mL, Biolegend,
San Diego, CA, USA). The blocking effects of Gal-9 mAb on the B-cell proliferation were
examined by flow cytometry with CFSE staining.

To further explore the blocking effects of Gal-9 mAb, the activated B cells were char-
acterized for their cytoplasmic and mitochondrial Ca2+ levels as well as mitochondrial
membrane potential (∆ψm) by using flow cytometry as previously described [2]. Briefly,
after the 4 h treatment, B cells were stained with fluorescence dyes, including Fluo-4 (Ther-
moFisher Scientific, Waltham, MA, USA) for cytoplasmic Ca2+, Rhod-2 (ThermoFisher
Scientific, Waltham, MA, USA) for mitochondrial Ca2+, and tetramethylrhodamine ethyl
ester (TMRE) (Abcam, Waltham, MA, USA) for detection of mitochondrial membrane
potential, respectively. For Fluo-4 and Rhod-2 staining, B cells were collected for staining
with Fluo-4 or Rhod-2, respectively, in X-VIVO 15 media with a working concentration
of 1 µM at 37 ◦C for 30 min. Then, the cells were washed with X-VIVO 15 medium and
resuspended in 200 µL of medium for an additional 30 min at room temperature to enable
the complete de-esterification of intracellular AM esters [2]. Finally, the cells were run for
flow cytometry analysis.

4.7. Flow Cytometry

Phenotypic characterization of B-cell subsets was performed by flow cytometry [2]
with specific markers including PE-conjugated mouse antihuman CD27 (Biolegend, San
Diego, CA, USA) and APC-conjugated mouse antihuman IgD (Biolegend, San Diego,
CA, USA). To determine the purity of CB-SCs, cells were examined by flow cytometry
with CB-SC-associated markers, including PE-Cy7-conjugated mouse antihuman CD45
(Beckman Coulter, Brea, CA, USA), efluor660-conjugated rat antihuman OCT3/4 (Ther-
moFisher Scientific, Waltham, MA, USA), Alexa Fluor™ 488-conjugated rat antihuman
SOX2 (ThermoFisher Scientific, Waltham, MA, USA), BV421-conjugated mouse antihu-
man CD34 (Biolegend, San Diego, CA, USA), PE-conjugated mouse antihuman CD270
(ThermoFisher Scientific, Waltham, MA, USA), and eFluor 450-conjugated mouse anti-
human CD274 (ThermoFisher Scientific, Waltham, MA, USA) mAbs. Isotype-matched
immunoglobulin (IgGs) served as controls.

4.8. Statistical Analysis

Statistical analysis of data was performed with the GraphPad Prism 8 (version 8.0.1)
software. The normality test of samples was evaluated using the Shapiro–Wilk test. Sta-
tistical analysis of data was performed using the two-tailed paired Student’s t-test for
the statistical analysis of two groups and one-way ANOVA test for multiple groups to
determine statistical significance for parametric data between untreated and treated groups.
The Mann–Whitney U test was utilized for non-parametric data. All experiments were
performed with two technical replicates for each biological sample. The number “N” in
each figure legend represented the biological replicates for each experiment. Values were
given as mean ± SD (standard deviation). Statistical significance was defined as p < 0.05.

5. Conclusions

Stem Cell Educator therapy has been unutilized to treat T1D and multiple autoimmune-
and inflammation-associated diseases [1], of which the pathogenesis involves T cells, B cells,
and monocytes/macrophages. The current study revealed that CB-SCs directly displayed
multiple immune modulations on B-cell proliferation and differentiation and antibody pro-
ductions through the Gal-9-mediated mechanism and calcium flux/Akt/Erk1/2 signaling
pathways. These findings lead to a better understanding of the molecular mechanisms of



Int. J. Mol. Sci. 2024, 25, 1830 14 of 16

Stem Cell Educator therapy to treat T1D and other autoimmune diseases (e.g., myasthenia
gravis and lupus) in clinics. Additionally, Stem Cell Educator therapy may fundamen-
tally correct the activated B cell-mediated autoimmunity and reduce the auto-antibody
productions, without the safety concerns that are associated with using steroid and conven-
tional immunotherapies.

Supplementary Materials: The following supporting information can be downloaded at
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Author Contributions: Y.Z.: supervised experiments and contributed to conceptualization, exper-
imental design, data analysis and interpretation, manuscript writing, and the final approval of
manuscript; W.H.: performed most experiments, contributed to experimental design and data analy-
sis; H.Y. and X.S., J.S.: isolated B cells and flow cytometry and data analysis. S.F., A.S., L.Z. and H.W.:
revised manuscript and English editing. All authors have read and agreed to the published version
of the manuscripts.

Funding: This article was funded by the New Jersey Commission on Science, Innovation and Technology
(CSIT) with Catalyst Seed Research and Development Grant Program (Grand ID: Prod-00301709).

Institutional Review Board Statement: Human cord blood units and buffy coat blood were pur-
chased from Cryo-Cell International blood bank and the New York Blood Center (NYBC), respectively.
Both Cryo-Cell and NYBC have received all accreditations for blood collections and distributions and
the methodology to clarify the sources of the cells, with institutional review board (IRB) approval
and signed consent forms from donors.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Acknowledgments: We are grateful to Ludwig for the generous funding support via the Hackensack
UMC Foundation.

Conflicts of Interest: Yong Zhao was the inventor of Stem Cell Educator technology and has a fiducial
role at Throne Biotechnologies (Throne). Sophia Fan and Andrew Shi contributed to this study during
their internship at Throne. Laura Zhao has left Throne. Therefore, these authors had no conflicts of
interest. All other authors have no financial interests that may be relevant to the submitted work.

Abbreviations

BCR: B cell receptor; CB-SCs: cord blood-derived stem cells; CFSE: carboxyfluorescein succinimidyl
ester; Gal-9: galectin-9; Ig: Immunoglobulin; MFI: median fluorescence intensity; RT-PCR: reverse
transcription-polymerase chain reaction; T1D: type 1 diabetes; T2D: type 2 diabetes.

References
1. Zhao, Y.; Knight, C.M.; Jiang, Z.; Delgado, E.; Van Hoven, A.M.; Ghanny, S.; Zhou, Z.; Zhou, H.; Yu, H.; Hu, W.; et al. Stem Cell

Educator therapy in type 1 diabetes: From the bench to clinical trials. Autoimmun. Rev. 2022, 21, 103058. [CrossRef] [PubMed]
2. Hu, W.; Song, X.; Yu, H.; Sun, J.; Zhao, Y. Released Exosomes Contribute to the Immune Modulation of Cord Blood-Derived Stem

Cells. Front. Immunol. 2020, 11, 165. [CrossRef] [PubMed]
3. Zhao, Y.; Jiang, Z.; Zhao, T.; Ye, M.; Hu, C.; Yin, Z.; Li, H.; Zhang, Y.; Diao, Y.; Li, Y.; et al. Reversal of type 1 diabetes via islet beta

cell regeneration following immune modulation by cord blood-derived multipotent stem cells. BMC Med. 2012, 10, 3. [CrossRef]
[PubMed]

4. Zhao, Y.; Jiang, Z.; Zhao, T.; Ye, M.; Hu, C.; Zhou, H.; Yin, Z.; Chen, Y.; Zhang, Y.; Wang, S.; et al. Targeting insulin resistance in
type 2 diabetes via immune modulation of cord blood-derived multipotent stem cells (CB-SCs) in stem cell educator therapy:
Phase I/II clinical trial. BMC Med. 2013, 11, 160. [CrossRef] [PubMed]

5. Li, Y.; Yan, B.; Wang, H.; Li, H.; Li, Q.; Zhao, D.; Chen, Y.; Zhang, Y.; Li, W.; Zhang, J.; et al. Hair regrowth in alopecia areata
patients following Stem Cell Educator therapy. BMC Med. 2015, 13, 87. [CrossRef] [PubMed]

6. Häusser-Kinzel, S.; Weber, M.S. The Role of B Cells and Antibodies in Multiple Sclerosis, Neuromyelitis Optica, and Related
Disorders. Front. Immunol. 2019, 10, 201. [CrossRef] [PubMed]

7. Hampe, C.S. B Cell in Autoimmune Diseases. Scientifica 2012, 2012, 215308. [CrossRef]
8. Wong, F.S.; Wen, L.; Tang, M.; Ramanathan, M.; Visintin, I.; Daugherty, J.; Hannum, L.G.; Janeway, C.A., Jr.; Shlomchik, M.J.

Investigation of the role of B-cells in type 1 diabetes in the NOD mouse. Diabetes 2004, 53, 2581–2587. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25031830/s1
https://doi.org/10.1016/j.autrev.2022.103058
https://www.ncbi.nlm.nih.gov/pubmed/35108619
https://doi.org/10.3389/fimmu.2020.00165
https://www.ncbi.nlm.nih.gov/pubmed/32161585
https://doi.org/10.1186/1741-7015-10-3
https://www.ncbi.nlm.nih.gov/pubmed/22233865
https://doi.org/10.1186/1741-7015-11-160
https://www.ncbi.nlm.nih.gov/pubmed/23837842
https://doi.org/10.1186/s12916-015-0331-6
https://www.ncbi.nlm.nih.gov/pubmed/25896390
https://doi.org/10.3389/fimmu.2019.00201
https://www.ncbi.nlm.nih.gov/pubmed/30800132
https://doi.org/10.6064/2012/215308
https://doi.org/10.2337/diabetes.53.10.2581


Int. J. Mol. Sci. 2024, 25, 1830 15 of 16

9. Smith, M.J.; Simmons, K.M.; Cambier, J.C. B cells in type 1 diabetes mellitus and diabetic kidney disease. Nat. Rev. Nephrol. 2017,
13, 712–720. [CrossRef]

10. Defuria, J.; Belkina, A.C.; Jagannathan-Bogdan, M.; Snyder-Cappione, J.; Carr, J.D.; Nersesova, Y.R.; Markham, D.; Strissel, K.J.;
Watkins, A.A.; Zhu, M.; et al. B cells promote inflammation in obesity and type 2 diabetes through regulation of T-cell function
and an inflammatory cytokine profile. Proc. Natl. Acad. Sci. USA 2013, 110, 5133–5138. [CrossRef]

11. Greenhill, C. Metabolism: Contribution of B cells to obesity and insulin resistance. Nat. Rev. Endocrinol. 2013, 9, 315. [CrossRef]
[PubMed]

12. Oleinika, K.; Slisere, B.; Catalan, D.; Rosser, E.C. B cell contribution to immunometabolic dysfunction and impaired immune
responses in obesity. Clin. Exp. Immunol. 2022, 210, 263–272. [CrossRef] [PubMed]

13. Zhu, Q.; Rui, K.; Wang, S.; Tian, J. Advances of Regulatory B Cells in Autoimmune Diseases. Front. Immunol. 2021, 12, 592914.
[CrossRef] [PubMed]

14. Hofmann, K.; Clauder, A.K.; Manz, R.A. Targeting B Cells and Plasma Cells in Autoimmune Diseases. Front. Immunol. 2018,
9, 835. [CrossRef] [PubMed]

15. Lee, D.S.W.; Rojas, O.L.; Gommerman, J.L. B cell depletion therapies in autoimmune disease: Advances and mechanistic insights.
Nat. Rev. Drug Discov. 2021, 20, 179–199. [CrossRef]

16. Karrar, S.; Cunninghame Graham, D.S. Abnormal B Cell Development in Systemic Lupus Erythematosus: What the Genetics Tell
Us. Arthritis Rheumatol. 2018, 70, 496–507. [CrossRef]

17. Wilson, C.L.; Hine, D.W.; Pradipta, A.; Pearson, J.P.; van Eden, W.; Robinson, J.H.; Knight, A.M. Presentation of the candidate
rheumatoid arthritis autoantigen aggrecan by antigen-specific B cells induces enhanced CD4+ T helper type 1 subset differentiation.
Immunology 2012, 135, 344–354. [CrossRef]

18. Liu, F.T.; Stowell, S.R. The role of galectins in immunity and infection. Nat. Rev. Immunol. 2023, 23, 479–494. [CrossRef]
19. Chen, H.Y.; Fermin, A.; Vardhana, S.; Weng, I.C.; Lo, K.F.; Chang, E.Y.; Maverakis, E.; Yang, R.Y.; Hsu, D.K.; Dustin, M.L.; et al.

Galectin-3 negatively regulates TCR-mediated CD4+ T-cell activation at the immunological synapse. Proc. Natl. Acad. Sci. USA
2009, 106, 14496–14501. [CrossRef]

20. Modenutti, C.P.; Capurro, J.I.B.; Di Lella, S.; Marti, M.A. The Structural Biology of Galectin-Ligand Recognition: Current Advances
in Modeling Tools, Protein Engineering, and Inhibitor Design. Front. Chem. 2019, 7, 823. [CrossRef]

21. Vasta, G.R. Galectins as pattern recognition receptors: Structure, function, and evolution. Adv. Exp. Med. Biol. 2012, 946, 21–36.
[CrossRef]

22. Gilson, R.C.; Gunasinghe, S.D.; Johannes, L.; Gaus, K. Galectin-3 modulation of T-cell activation: Mechanisms of membrane
remodelling. Prog. Lipid Res. 2019, 76, 101010. [CrossRef]

23. Lhuillier, C.; Barjon, C.; Niki, T.; Gelin, A.; Praz, F.; Morales, O.; Souquere, S.; Hirashima, M.; Wei, M.; Dellis, O.; et al. Impact of
Exogenous Galectin-9 on Human T Cells: Contribution of the T cell receptor complex to antigen-independent activation but not
to apoptosis induction. J. Biol. Chem. 2015, 290, 16797–16811. [CrossRef] [PubMed]

24. Giovannone, N.; Smith, L.K.; Treanor, B.; Dimitroff, C.J. Galectin-Glycan Interactions as Regulators of B Cell Immunity. Front.
Immunol. 2018, 9, 2839. [CrossRef] [PubMed]

25. John, S.; Mishra, R. Galectin-9: From cell biology to complex disease dynamics. J. Biosci. 2016, 41, 507–534. [CrossRef] [PubMed]
26. Ungerer, C.; Quade-Lyssy, P.; Radeke, H.H.; Henschler, R.; Konigs, C.; Kohl, U.; Seifried, E.; Schuttrumpf, J. Galectin-9 is a

suppressor of T and B cells and predicts the immune modulatory potential of mesenchymal stromal cell preparations. Stem Cells
Dev. 2014, 23, 755–766. [CrossRef] [PubMed]

27. Yasinska, I.M.; Sakhnevych, S.S.; Pavlova, L.; Teo Hansen Selnø, A.; Teuscher Abeleira, A.M.; Benlaouer, O.; Gonçalves Silva, I.;
Mosimann, M.; Varani, L.; Bardelli, M.; et al. The Tim-3-Galectin-9 Pathway and Its Regulatory Mechanisms in Human Breast
Cancer. Front. Immunol. 2019, 10, 1594. [CrossRef] [PubMed]

28. Giovannone, N.; Liang, J.; Antonopoulos, A.; Geddes Sweeney, J.; King, S.L.; Pochebit, S.M.; Bhattacharyya, N.; Lee, G.S.; Dell, A.;
Widlund, H.R.; et al. Galectin-9 suppresses B cell receptor signaling and is regulated by I-branching of N-glycans. Nat. Commun.
2018, 9, 3287. [CrossRef]

29. Cao, A.; Alluqmani, N.; Buhari, F.H.M.; Wasim, L.; Smith, L.K.; Quaile, A.T.; Shannon, M.; Hakim, Z.; Furmli, H.;
Owen, D.M.; et al. Galectin-9 binds IgM-BCR to regulate B cell signaling. Nat. Commun. 2018, 9, 3288. [CrossRef]

30. Delgado, E.; Perez-Basterrechea, M.; Suarez-Alvarez, B.; Zhou, H.; Revuelta, E.M.; Garcia-Gala, J.M.; Perez, S.; Alvarez-Viejo, M.;
Menendez, E.; Lopez-Larrea, C.; et al. Modulation of Autoimmune T-Cell Memory by Stem Cell Educator Therapy: Phase 1/2
Clinical Trial. EBioMedicine 2015, 2, 2024–2036. [CrossRef]

31. Nevalainen, T.; Autio, A.; Kummola, L.; Salomaa, T.; Junttila, I.; Jylhä, M.; Hurme, M. CD27- IgD- B cell memory subset associates
with inflammation and frailty in elderly individuals but only in males. Immun. Ageing 2019, 16, 19. [CrossRef]

32. Zhao, Y.; Huang, Z.; Qi, M.; Lazzarini, P.; Mazzone, T. Immune regulation of T lymphocyte by a newly characterized human
umbilical cord blood stem cell. Immunol. Lett. 2007, 108, 78–87. [CrossRef] [PubMed]

33. Smith, L.K.; Fawaz, K.; Treanor, B. Galectin-9 regulates the threshold of B cell activation and autoimmunity. eLife 2021, 10, e64557.
[CrossRef]

34. De Castro, L.L.; Lopes-Pacheco, M.; Weiss, D.J.; Cruz, F.F.; Rocco, P.R.M. Current understanding of the immunosuppressive
properties of mesenchymal stromal cells. J. Mol. Med. 2019, 97, 605–618. [CrossRef]

https://doi.org/10.1038/nrneph.2017.138
https://doi.org/10.1073/pnas.1215840110
https://doi.org/10.1038/nrendo.2013.69
https://www.ncbi.nlm.nih.gov/pubmed/23545488
https://doi.org/10.1093/cei/uxac079
https://www.ncbi.nlm.nih.gov/pubmed/35960996
https://doi.org/10.3389/fimmu.2021.592914
https://www.ncbi.nlm.nih.gov/pubmed/33936028
https://doi.org/10.3389/fimmu.2018.00835
https://www.ncbi.nlm.nih.gov/pubmed/29740441
https://doi.org/10.1038/s41573-020-00092-2
https://doi.org/10.1002/art.40396
https://doi.org/10.1111/j.1365-2567.2011.03548.x
https://doi.org/10.1038/s41577-022-00829-7
https://doi.org/10.1073/pnas.0903497106
https://doi.org/10.3389/fchem.2019.00823
https://doi.org/10.1007/978-1-4614-0106-3_2
https://doi.org/10.1016/j.plipres.2019.101010
https://doi.org/10.1074/jbc.M115.661272
https://www.ncbi.nlm.nih.gov/pubmed/25947381
https://doi.org/10.3389/fimmu.2018.02839
https://www.ncbi.nlm.nih.gov/pubmed/30564237
https://doi.org/10.1007/s12038-016-9616-y
https://www.ncbi.nlm.nih.gov/pubmed/27581941
https://doi.org/10.1089/scd.2013.0335
https://www.ncbi.nlm.nih.gov/pubmed/24083426
https://doi.org/10.3389/fimmu.2019.01594
https://www.ncbi.nlm.nih.gov/pubmed/31354733
https://doi.org/10.1038/s41467-018-05770-9
https://doi.org/10.1038/s41467-018-05771-8
https://doi.org/10.1016/j.ebiom.2015.11.003
https://doi.org/10.1186/s12979-019-0159-6
https://doi.org/10.1016/j.imlet.2006.10.007
https://www.ncbi.nlm.nih.gov/pubmed/17161871
https://doi.org/10.7554/eLife.64557
https://doi.org/10.1007/s00109-019-01776-y


Int. J. Mol. Sci. 2024, 25, 1830 16 of 16

35. Rabinovich, G.A.; Toscano, M.A. Turning ‘sweet’ on immunity: Galectin–glycan interactions in immune tolerance and inflamma-
tion. Nat. Rev. Immunol. 2009, 9, 338–352. [CrossRef] [PubMed]

36. Pierce, S.K. Understanding B cell activation: From single molecule tracking, through Tolls, to stalking memory in malaria.
Immunol. Res. 2009, 43, 85–97. [CrossRef] [PubMed]

37. Baba, Y.; Kurosaki, T. Role of Calcium Signaling in B Cell Activation and Biology. Curr. Top. Microbiol. Immunol. 2016, 393, 143–174.
[CrossRef] [PubMed]

38. Musette, P.; Bouaziz, J.D. B Cell Modulation Strategies in Autoimmune Diseases: New Concepts. Front. Immunol. 2018, 9, 622.
[CrossRef] [PubMed]

39. Hu, C.Y.; Rodriguez-Pinto, D.; Du, W.; Ahuja, A.; Henegariu, O.; Wong, F.S.; Shlomchik, M.J.; Wen, L. Treatment with CD20-specific
antibody prevents and reverses autoimmune diabetes in mice. J. Clin. Investig. 2007, 117, 3857–3867. [CrossRef]

40. Hu, C.; Ding, H.; Zhang, X.; Wong, F.S.; Wen, L. Combination treatment with anti-CD20 and oral anti-CD3 prevents and reverses
autoimmune diabetes. Diabetes 2013, 62, 2849–2858. [CrossRef]

41. Pescovitz, M.D.; Greenbaum, C.J.; Krause-Steinrauf, H.; Becker, D.J.; Gitelman, S.E.; Goland, R.; Gottlieb, P.A.; Marks, J.B.; McGee,
P.F.; Moran, A.M.; et al. Rituximab, B-lymphocyte depletion, and preservation of beta-cell function. N. Engl. J. Med. 2009, 361,
2143–2152. [CrossRef]

42. Iwata, S.; Tanaka, Y. B-cell subsets, signaling and their roles in secretion of autoantibodies. Lupus 2016, 25, 850–856. [CrossRef]
[PubMed]

43. Tanaka, Y.; Kubo, S.; Iwata, S.; Yoshikawa, M.; Nakayamada, S. B cell phenotypes, signaling and their roles in secretion of
antibodies in systemic lupus erythematosus. Clin. Immunol. 2018, 186, 21–25. [CrossRef] [PubMed]

44. Wang, Y.; Lloyd, K.A.; Melas, I.; Zhou, D.; Thyagarajan, R.; Lindqvist, J.; Hansson, M.; Svärd, A.; Mathsson-Alm, L.;
Kastbom, A.; et al. Rheumatoid arthritis patients display B-cell dysregulation already in the naïve repertoire consistent with
defects in B-cell tolerance. Sci. Rep. 2019, 9, 19995. [CrossRef] [PubMed]

45. Metzger, T.C.; Khan, I.S.; Gardner, J.M.; Mouchess, M.L.; Johannes, K.P.; Krawisz, A.K.; Skrzypczynska, K.M.; Anderson, M.S.
Lineage tracing and cell ablation identify a post-Aire-expressing thymic epithelial cell population. Cell Rep. 2013, 5, 166–179.
[CrossRef] [PubMed]

46. Zhao, Y.; Jiang, Z.; Delgado, E.; Li, H.; Zhou, H.; Hu, W.; Perez-Basterrechea, M.; Janostakova, A.; Tan, Q.; Wang, J.; et al.
Platelet-Derived Mitochondria Display Embryonic Stem Cell Markers and Improve Pancreatic Islet beta-cell Function in Humans.
Stem Cells Transl. Med. 2017, 6, 1684–1697. [CrossRef] [PubMed]

47. Waters, L.R.; Ahsan, F.M.; Wolf, D.M.; Shirihai, O.; Teitell, M.A. Initial B Cell Activation Induces Metabolic Reprogramming and
Mitochondrial Remodeling. iScience 2018, 5, 99–109. [CrossRef] [PubMed]

48. Xu, W.-D.; Huang, Q.; Huang, A.-F. Emerging role of galectin family in inflammatory autoimmune diseases. Autoimmun. Rev.
2021, 20, 102847. [CrossRef]

49. Kanzaki, M.; Wada, J.; Sugiyama, K.; Nakatsuka, A.; Teshigawara, S.; Murakami, K.; Inoue, K.; Terami, T.; Katayama, A.;
Eguchi, J.; et al. Galectin-9 and T Cell Immunoglobulin Mucin-3 Pathway Is a Therapeutic Target for Type 1 Diabetes. Endocrinology
2012, 153, 612–620. [CrossRef]

50. Zhao, Y.; Yu, D.; Wang, H.; Jin, W.; Li, X.; Hu, Y.; Qin, Y.; Kong, D.; Li, G.; Ellen, A.; et al. Galectin-9 Mediates the Therapeutic
Effect of Mesenchymal Stem Cells on Experimental Endotoxemia. Front. Cell Dev. Biol. 2022, 10, 700702. [CrossRef]

51. Maity, P.C.; Blount, A.; Jumaa, H.; Ronneberger, O.; Lillemeier, B.F.; Reth, M. B cell antigen receptors of the IgM and IgD classes
are clustered in different protein islands that are altered during B cell activation. Sci. Signal. 2015, 8, ra93. [CrossRef]

52. Mattila, P.K.; Feest, C.; Depoil, D.; Treanor, B.; Montaner, B.; Otipoby, K.L.; Carter, R.; Justement, L.B.; Bruckbauer, A.; Batista, F.D.
The actin and tetraspanin networks organize receptor nanoclusters to regulate B cell receptor-mediated signaling. Immunity 2013,
38, 461–474. [CrossRef]

53. Berry, C.T.; Liu, X.; Myles, A.; Nandi, S.; Chen, Y.H.; Hershberg, U.; Brodsky, I.E.; Cancro, M.P.; Lengner, C.J.; May, M.J.; et al.
BCR-Induced Ca2+ Signals Dynamically Tune Survival, Metabolic Reprogramming, and Proliferation of Naive B Cells. Cell Rep.
2020, 31, 107474. [CrossRef]

54. Thijssen, V.L.; Hulsmans, S.; Griffioen, A.W. The galectin profile of the endothelium: Altered expression and localization in
activated and tumor endothelial cells. Am. J. Pathol. 2008, 172, 545–553. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nri2536
https://www.ncbi.nlm.nih.gov/pubmed/19365409
https://doi.org/10.1007/s12026-008-8052-y
https://www.ncbi.nlm.nih.gov/pubmed/18810335
https://doi.org/10.1007/82_2015_477
https://www.ncbi.nlm.nih.gov/pubmed/26369772
https://doi.org/10.3389/fimmu.2018.00622
https://www.ncbi.nlm.nih.gov/pubmed/29706952
https://doi.org/10.1172/JCI32405
https://doi.org/10.2337/db12-1175
https://doi.org/10.1056/NEJMoa0904452
https://doi.org/10.1177/0961203316643172
https://www.ncbi.nlm.nih.gov/pubmed/27252261
https://doi.org/10.1016/j.clim.2017.07.010
https://www.ncbi.nlm.nih.gov/pubmed/28789968
https://doi.org/10.1038/s41598-019-56279-0
https://www.ncbi.nlm.nih.gov/pubmed/31882654
https://doi.org/10.1016/j.celrep.2013.08.038
https://www.ncbi.nlm.nih.gov/pubmed/24095736
https://doi.org/10.1002/sctm.17-0078
https://www.ncbi.nlm.nih.gov/pubmed/28685960
https://doi.org/10.1016/j.isci.2018.07.005
https://www.ncbi.nlm.nih.gov/pubmed/30240649
https://doi.org/10.1016/j.autrev.2021.102847
https://doi.org/10.1210/en.2011-1579
https://doi.org/10.3389/fcell.2022.700702
https://doi.org/10.1126/scisignal.2005887
https://doi.org/10.1016/j.immuni.2012.11.019
https://doi.org/10.1016/j.celrep.2020.03.038
https://doi.org/10.2353/ajpath.2008.070938

	Introduction 
	Results 
	CB-SCs Suppressed the Proliferation of Activated B Cells 
	CB-SCs Inhibited Immunoglobulin Production 
	Modulation of CB-SC on Naïve and Memory B Cells 
	CB-SC-Mediated B Cell Suppression via the Cell–Cell Contact Regulation 
	The Expression of Gal-9 on CB-SCs Acts as a Key Molecule Contributing to the B-Cell Modulation
	Gal-9-Dependent Suppression of Calcium Flux in B Cells by CB-SCs 

	Discussion 
	Materials and Methods 
	B-Cell Isolation and Culture 
	Proliferation Assay 
	Culture of CB-SC and Coculture of CB-SCs with B Cells 
	Quantitative Real-Time PCR Assay 
	Assay for Antibody Production 
	Blocking Experiments with Gal-9 Antibody 
	Flow Cytometry 
	Statistical Analysis 

	Conclusions 
	References

