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Abstract: The O-GlcNAcylation is a posttranslational modification of proteins regulated by O-GlcNAc
transferase (OGT) and O-GlcNAcase. These enzymes regulate the development, proliferation and
function of cells, including the immune cells. Herein, we focused on the role of O-GlcNAcylation
in human monocyte derived dendritic cells (moDCs). Our study suggests that inhibition of OGT
modulates AKT and MEK/ERK pathways in moDCs. Changes were also observed in the expression
levels of relevant surface markers, where reduced expression of CD80 and DC-SIGN, and increased
expression of CD14, CD86 and HLA-DR occurred. We also noticed decreased IL-10 and increased IL-6
production, along with diminished endocytotic capacity of the cells, indicating that inhibition of O-
GlcNAcylation hampers the transition of monocytes into immature DCs. Furthermore, the inhibition
of OGT altered the maturation process of immature moDCs, since a CD14medDC-SIGNlowHLA-
DRmedCD80lowCD86high profile was noticed when OGT inhibitor, OSMI-1, was present. To evaluate
DCs ability to influence T cell differentiation and polarization, we co-cultured these cells. Surprisingly,
the observed phenotypic changes of mature moDCs generated in the presence of OSMI-1 led to an
increased proliferation of allogeneic T cells, while their polarization was not affected. Taken together,
we confirm that shifting the O-GlcNAcylation status due to OGT inhibition alters the differentiation
and function of moDCs in in vitro conditions.

Keywords: O-GlcNAcylation; O-GlcNAc transferase (OGT); monocyte derived DCs; OSMI-1;
immunometabolism; OSMI-1

1. Introduction

Dendritic cells (DCs) are a heterogeneous group of immune cells acting as messengers
between the innate and adaptive immune response [1–3]. DCs are able to capture, process
and present antigens [4–7] and in addition to antigen presentation, DCs mediate the ap-
propriate effector or regulatory T cell immune responses by secreting several cytokines,
growth factors, and delivering co-stimulatory signals [8,9]. Their unique ability to initiate,
coordinate and regulate naïve T cell differentiation into distinct subsets including Th1, Th2
and Th17, as well as regulatory T cells, makes them the most efficient antigen presenting
cells (APC) [4,8,9]. Thus, DCs play a key role in inducing and maintaining the T cell
immune response and tolerance. DCs mature and migrate to secondary lymphoid organs
upon activation signal via pattern recognition receptors (PRRs) expressed on DCs follow-
ing PAMP (Pathogen-associated molecular pattern) and/or DAMP (Damage-associated
molecular pattern) recognition [10–14]. Occupation of PRRs, i.e., Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), AIM2-like recep-
tors (ALRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) and C-type lectins,
activates signalling pathways that change gene expression and metabolic demands [15]. It
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has been shown that these receptors are mainly signalling through the mitogen-activated
protein kinase (MAPK), the NF-kB and IRF-3/7 pathways [13,15–17]. Additionally, the
serine/threonine kinase mammalian target of rapamycin (mTOR) serves as a nutrient
sensor. It regulates the process of glycolysis, which provides energy for highly demanding
processes (e.g., differentiation of DCs) [6,18]. The metabolic effect of DC activation causes a
shift from oxidative phosphorylation (OXPHOS) toward glycolytic processes and higher
production of the tricarboxylic acid (TCA) cycle intermediates [19–22]. In addition, the
metabolites of mTOR pathways play a significant role in epigenetic and transcriptional
imprinting and consequently also define DC functions [18,22,23]. However, the discovery
of cross-talk between PRRs suggests that their role in the immune system is more complex
and sophisticated [13]. Manipulation of DC signalling pathways could be used to modify
immune responses for therapeutic purposes [5,7,24,25].

The signalling pathways mentioned above include many tyrosine or serine kinases,
which can be also O-GlcNAcylated [26–30]. The PI3K-Akt-mTOR signalling axis is an exam-
ple of a signalling pathway known to be susceptible to O-GlcNAcylation and the cross-talk
between PI3K/AKT/mTOR signalling and O-GlcNAcylation has been observed in several
cell types [30,31]. O-GlcNAcylation is one of the posttranslational modifications (PTM)
and is an important metabolic process in cells that needs to be carefully regulated [32] and
its dysregulation is linked to several pathologies, including cancer, inappropriate immune
responses and impairment of the nervous system [33–37]. O-β-N-acetylglucosaminyl trans-
ferase (OGT) is an enzyme that catalyses the transfer of N-acetylglucosamine from uridine
diphosphate to serine and threonine residues of nuclear and cytoplasmic proteins, while
O-GlcNAcase (OGA) removes O-GlcNAc moieties from proteins [33,38]. O-GlcNAcylation
is therefore a dynamic process in the physiological environment that is regulated with both
enzymes, the availability of UDP-GlcNAc nutrients [39], and posttranslational modifica-
tion of target proteins [40] or enzymes themselves [40,41]. Previous work has shown that
impaired protein O-GlcNAcylation affects protein functions [42], cell signalling [43,44], cell
cycle [35], transcription [43] and also epigenetic factors [30]. The role of O-GlcNAcylation
in immune cells has been studied in vitro in recent years. Impaired O-GlcNAcylation
in macrophages [45–47], neutrophils [45], T cells [46,48,49] and B lymphocytes [50] lead
to their inappropriate immune functions showing that O-GlcNAcylation plays a signif-
icant role in the immune system. Most immune cells need adequate O-GlcNAcylation
for proper development and function [45,51]. Namely, reduced glycosylation of NFAT,
NF-κB and c-Myc in T and B lymphocytes or NF-κB in macrophages resulted in loss of
their function [45,46,51]. However, the role of O-GlcNAcylation in human dendritic cells
has not been addressed yet. In this study, we examined the effects of the OGT inhibitor
(OSMI-1) [40] in the human moDC differentiation and maturation process into immature
and mature moDCs, respectively.

2. Results
2.1. OGT Inhibitor OSMI-1 Affects the MEK/ERK and mTOR/AKT Signalling Axis in
Immature moDCs

The development and function of most immune cells depends on the appropriate
profile of O-GlcNAcylated proteins. Since the main regulators of O-GlcNAcylation are
OGT and OGA, we first examined their protein expression level in target cells (Figure 1A).
The OGT level was similar in all three tested cell types, i.e., monocytes, immature moDCs,
mature moDCs, while the expression of OGA was slightly increased in immature moDCs
and was twice as high in mature moDCs compared to monocytes. The later somehow
contradicts the observed level of O-GlcNAcylated proteins, which was higher in moDCs
than in monocytes. Since OGA is responsible for O-GlcNAc cleavage, one would expect
the lower degree of O-GlcNAcylation in case of higher OGA expression. On the other
hand, higher level of O-GlcNAcylated proteins may cause a rebound in higher expression
of OGA. In the following experiments we studied the impacts of an OGT inhibitor, OSMI-1,
on moDC characteristics. Firstly, the moDC viability was evaluated after exposure to
OSMI-1 for 6 or 8 days during the generation of iDCs and mDCs, respectively. In general,
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20 µM OSMI-1 had no effect on cell viability (Figure S1). To clarify how OSMI-1 affects the
relations between OGA/OGT expression and the status of O-GlcNAcylation, we examined
their levels in the beginning of the differentiation process. As expected, after 4 h OSMI-1
caused a decrease in O-GlcNAcylated proteins. At a later time point, the effect faded
due to compensatory mechanisms, which upregulated OGT and downregulated OGA
levels (Figure 1B).
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was used as the loading control. Results are presented as relative protein levels to untreated cells ± SD (4–5 different
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statistically significant (* p < 0.05; ** p < 0.01; ns, nonsignificant). iDCs, immature moDCs; mDCs, mature moDCs.
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To explore the potential impact of in vitro OGT inhibition on the development and
activation of moDCs, we next differentiated and matured monocytes in the presence or
absence of 20 µM OSMI-1. In immature moDCs, where OSMI-1 was added during the 6
days of differentiation (immature OSMI-1-moDCs), a significant increase in OGT expression
was observed, while the levels of either OGA or O-GlcNAcylated proteins remained the
same (Figure 1C). A similar trend was also observed in mature moDCs, if immature OSMI-
1-moDCs were further treated with OSMI-1 during the activation with rhGM-CSF, PGE2,
rhIL-1ß, rhTNF-α and rhIL-6 (mature OSMI-1-moDCs).

Since presence of OSMI-1 caused an increase in OGT expression in immature and
mature OSMI-1-moDCs via a rebound loop [52,53], we next investigated the potential
impact of these protein phenotypes on the signalling pathways associated with OGT
involvement. These include the MEK/ERK and PI3K/AKT/mTOR signalling axis. We
measured the intracellular levels of phosphorylated ERK, AKT, MEK and mTOR proteins
in the presence or absence of OSMI-1 during the differentiation of immature moDCs
and their activation towards mature moDCs. As depicted in Figure 2A, in the early
phases of the differentiation process OSMI-1 significantly decreased the phosphorylation
of AKT and mTOR (S2481), while no changes in the activation of ERK or MEK could be
observed. Surprisingly, after 6 days of differentiation a shift in the phosphorylation status
occurred, with a significant increase of phosphorylated ERK, MEK and AKT (Figure S2).
On the other hand, if the OGT inhibitor was also present during the maturation process
of immature OSMI-1-moDCs, decreased levels of phosphorylated ERK, MEK, AKT (S473)
and mTOR (S2481) were detected (Figure 2B). The presence of OGT had no effect on the
phosphorylation level at S2448 of mTOR, which remained intact in immature as well as in
mature moDCs.
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Figure 2. Characterisation of mTOR/AKT and MEK/ERK signalling pathways in the presence of OSMI-1. Representative
immunoblots show the expression of phosphorylated and total ERK, MEK, AKT and mTOR in untreated or OSMI-1
treated immature (A) and mature moDCs (B) (3 different donors). The results in charts are presented as a ratio of
phosphorylated/total protein levels normalized to untreated moDCs ± SD. Statistical significance between individual pairs
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iDCs, immature moDCs; mDCs, mature moDCs.
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2.2. OSMI-1 Impairs the Differentiation and Activation/Maturation Process of moDCs

The communication between DCs and other (immune) cells is mediated by surface
proteins, which also serve as markers for their identification. Thus, any change in their ex-
pression can have physiological or pathological consequences. To identify and characterize
the potential impact of OSMI-1 on the expression of surface markers specific for DCs, we
investigated the levels of CD14, CD80, CD86, HLA-DR and DC-SIGN in immature and ma-
ture moDCs. As depicted in Figure 3, OSMI-1 caused a pronounced shift in the expression
of several surface proteins compared to control cells. Namely, if immature moDCs were
generated in the presence of OSMI-1, down-regulation of the integrin receptor DC-SIGN
and the co-stimulatory molecule CD80 was observed, while the expression of CD14, CD86
and HLA-DR significantly increased (Figure 3A). In addition, OSMI-1 also altered the
maturation/activation of immature OSMI-1-moDCs stimulated with the cytokine cocktail
(rhGM-CSF, PGE2, rhIL-1ß, rhTNF-α, rhIL-6) (Figure 3B), where DC-SIGN, HLA-DR and
CD80 were downregulated, while CD14 was upregulated.
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2.3. OGT Inhibition Leads to Hampered Endocytosis and Affects the Release of IL-6 and IL-10 in
Immature moDCs

DCs are the professional antigen presenting cells that capture antigens through differ-
ent mechanisms, including the fluid phase (FPE) or clathrin-mediated endocytosis (CME).
The latter depends on the expression of specific carbohydrate receptors, including DC-
SIGN, langerin or the mannose receptor (CD206) [54,55]. Since the expression of DC-SIGN
was significantly diminished if OGT was inhibited, we next addressed the endocytotic
capacity of DCs. We observed that the presence of OSMI-1 during the monocyte differentia-
tion process led to decreased endocytotic capacity of immature OSMI-1-moDCs compared
to non-treated control cells (Figure 4A). In case of mature moDCs, the uptake of dextran
particles conjugates was already low in non-treated DCs, as expected, and the presence of
OSMI-1 had no additional effects (data not shown).
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incubated with FITC-labelled dextran particles (molecular weight ≈ 40.000 Da) for 1 h. Cells incubated with cytochalasin D
were used for a negative control. Endocytosis of FITC-conjugated dextran particles was determined by flow cytometry and
the subtraction of MFIs of FITC positive cells at 37 ◦C with the MFI values obtained at 4 ◦C. Bars present the mean MFI values
± SD of six independent experiments. Cytokines concentration measured by CBA method in supernatants of untreated or
OSMI-1 treated immature (B) and mature (C) moDCs, on day 6 or 8, respectively. Shown are mean concentrations ± SD of
four to seven independent experiments. Statistical significance between individual pairs was calculated using Student’s
t-test; p-value < 0.05 was considered statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, nonsignificant). iDCs,
immature moDCs; mDCs, mature moDCs; Cyto D, cytochalasin D.

Since soluble factors of the immune system play an important role in mediating cell-
cell communication, we next evaluated whether OSMI-1 alters the cytokine secretion profile
of IL-6, IL-10, IL-12p70, IL-8, IL-1ß or TNF-α in moDCs. The inhibitor caused a decreased
production of IL-10 and an increase in IL-6 levels in immature moDCs (Figure 4B). A
similar trend was observed in mature moDCs, however the changes in IL-6 were not
significant (Figure 4C). The production of IL-1ß, IL-8, TNF-α and IL-12p70 was not affected
(data not shown).

2.4. OSMI-1 Treated Mature moDCs Exert Increased Capacity of Promoting Allogeneic T
Cell Proliferation

The main role of DCs in the immune system is the formation of the immune synapse
with T cells to induce their antigen-specific activation. Therefore, we next addressed the
capability of OSMI-1 treated mature moDCs to induce allogeneic T cell proliferation. Based
on previous results, we expected a more tolerogenic profile of such moDCs, therefore we
firstly investigated the expression of inhibitory molecules CD274 (PD-L1), CD85k (ILT-3)
and CD85d (ILT-4) on the surface of both OSMI-1 treated immature and mature moDCs.
As depicted in Figure 5A, DCs exposed to OSMI-1 exhibit pronounced up-regulation of
inhibitory receptor immunoglobulin like transcript 3 (ILT-3) molecules, which can inde-
pendently inhibit T cell activation. Surprisingly, OSMI-1 caused down-regulation of two
other inhibitory molecules, the program death-ligand 1 (PD-L1) and immunoglobulin
like transcript 4 (ILT4) on both immature and mature moDCs. As a positive control for
a DC tolerogenic phenotype, immature moDCs exposed to VitD3/IFN-γ were used. In
accordance with previous reports, an up-regulation of ILT-3 and ILT-4 expression was de-
tected on these controls (Figure S3). To determine how these phenotypic changes translate
into the functionality of DCs, we next used mature moDCs as stimulators of allogeneic T
lymphocytes (Figure 5B,C). The proliferation rate of T cells was determined after 6 days of
co-culture. An increase in the proliferation rate of T cells was observed if co-cultures were
prepared with mature moDCs, which were differentiated and activated in the presence of
OSMI-1. Again, co-cultures with VitD3/IFN-γ treated mature moDCs, were used as control
presenting a tolerogenic DC phenotype (tolDCs). As expected, the presence of tolDCs
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supressed the proliferation of T cells. Further analysis of T cell proliferation revealed
a statistically significant increase in the number of CD8+ T cells upon co-culture with
OSMI-1 treated moDCs as compared with control cells. A similar trend was also observed
with CD4+ cells; however, it was not statistically significant. Co-cultures produced high
levels of IFN-γ and IL-6, and moderate levels of IL-2. The concentrations of IFN-γ and
IL-6 were increased, while the IL-2 release was down-regulated in co-cultures containing
OSMI-1 treated mature moDCs in comparison to control cells (Figure 5C). Additionally, we
explored the polarization of naïve CD4+ T cells with the analysis Th1/Th2/Th17 cytokines
(Figure 5D). The co-cultures of naïve CD4+ T cells were prepared with either control,
OSMI-1 or VitD3/IFN-γ treated mature moDCs. Supernatants were collected after 14 days
and additional 5 h stimulation with PMA/ionomycin.
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Figure 5. Characterisation of OSMI-1 treated mature moDCs impacts on allogeneic T lymphocytes. (A) Characterisation of
moDC surface markers after exposure to OSMI-1. Shown are mean MFI values ± SD from 8–11 independent experiments.
(B) Representative T-cell proliferation after 6 days of co-culture of T cells (CD3+) and mature moDCs. T cells were cultured
with either untreated or OSMI-1 or VitD3/IFN-γ treated mature moDCs. (C) Cytokine concentrations in supernatants
taken from co-cultures of CD3+cells:moDCs after 6 days. Supernatants were analysed for the presence of IL-2, IL-4, IL-6,
IL-10, IL-17A, IFN-γ and TNF-α. The results are expressed as means ± SD of four independent experiments. (D) The T
cell-polarizing capacity of mature moDCs was determined by co-culturing differently treated mature moDCs with naïve
allogeneic CD4+CD45RA+ T cells. After 14 days, the supernatants were sampled and analysed for the presence of IL-2, IL-4,
IL-6, IL-10, IL-17A, IFN-γ and TNF-α. The results are expressed as means ± SD of two to three independent experiments.
(E) The T cell-polarizing capacity of mature moDCs toward regulatory T cells (Tregs) was determined by co-culturing
differently treated mature moDCs with naïve allogeneic CD4+CD45RA+ T cells. After 14 days, the cells were washed and
analysed by flow cytometry for the expression of CD25 and FoxP3. Representative results of CD25 and FoxP3 expression
are presented as dot plots. Statistical significance between individual pairs was calculated using Student’s t-test; p-value <
0.05 was considered statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001; ns, nonsignificant). iDCs, immature moDCs;
mDCs, mature moDCs.
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In co-cultures of mature OSMI-1-moDCs and CD4+ cells an increase in secretion of IFN-
γ and TNF-αwas observed, while IL-6 decreased. No significant changes were determined
for IL-2, IL-4, IL-10 or IL-17A if compared to control. In the media of co-cultures of
VitD3/IFN-γ treated mature moDCs and CD4+ cells a contrary trend was noticed, however,
only the data for IFN-γ was statistically significant. The obtained cytokine profile of co-
cultures with mature OSMI-1-moDCs indicates polarization of Th0 to Th1, which typically
secret sizable amounts of IFN-γ, TNF-α and IL-2. The opposite trend in cytokine release
observed in co-cultures of naïve T cells with VitD3/IFN-γ treated mature moDCs, indicates
polarization of T cells into regulatory cells (Tregs). Indeed, these T cells had a shift of the
phenotype markers from CD25lowFoxP3low to CD25highFoxP3high, which is characteristic
for Tregs. However, this phenotype was not observed in T cells that were co-cultured
with mature OSMI-1-moDCs, confirming that OGT inhibition in DCs does not induce
polarization into Tregs (Figure 5E).

3. Discussion

O-GlcNAcynation is a metabolically dependant process integrated in many signalling
pathways via the crosstalk with kinases [26,27,56,57]. It has been shown that imbalances
in OGT activity leads to cell dysfunction. This also includes the immune cells, where
disturbed O-GlcNAcylation in macrophages [45–47], neutrophils [45], T cells [46,48,49] and
B lymphocytes [50], led to their altered functionality. The paradox of O-GlcNAcylation is
that under acute stress conditions, O-GlcNAc accumulation is protective and allows cells
to survive. However, under chronic conditions increased O-GlcNAcylation disrupts crucial
signalling pathways, transcriptional processes and leads to cell damage [58,59]. Moreover,
it has been shown that modulators of O-GlcNAcylation have different effects on different
immune cells. The type of insult is probably the main factor that determines whether their
role will be pro- or anti-inflammatory [60]. However, the role of OGT in dendritic cells,
which are the most important link between the innate and adaptive immunity, has not been
addressed to date. Herein, we demonstrate that OGT inhibition hampers the transition of
monocytes into immature moDCs and directs their subsequent maturation process into an
alternatively maturated phenotype.

We investigated the function of OGT with the use of its inhibitor, OSMI-1. Firstly, the
effects of OSMI-1 on mTOR-AKT signalling was addressed, since the results of previous
research suggested that increased O-GlcNAcylation together with the up-regulated OGT
enhances AKT activation [30,61]. The differentiation process of monocytes into imma-
ture moDCs is known to involve the PI3K-mTOR-AKT signalling axis, which regulates
development, survival and function of human DCs [62]. Herein, we demonstrate that the
presence of OSMI-1 during the differentiation process decreased the phosphorylation at
the S2481 site of the mTOR, indicating that the functionality of mTORC2 was affected. It is
known that fully activated AKT requires phosphorylation at T308 and at S473 by PDK-1
and mTORC2, respectively [63]. If phosphorylation at S473 is lacking, the AKT activity is
greatly diminished [64]. Indeed, we also found that reduced mTORC2 activation reflected
in diminished AKT phosphorylation. This phenotype was present at the beginning of the
differentiation process along with decreased O-GlcNAcylation status. At the end of differ-
entiation, the O-GlcNAcylation status returned to normal levels, due to compensation, and
AKT became hyperphosphorylated. The PI3K-AKT hyperactivation in DCs is associated
with increased expression of MHC class II and co-stimulatory molecules, as well as en-
hanced production of cytokines (including IL-6) [65,66]. We also observed such phenotype
in immature OSMI-1-moDCs. It has been reported that modulation of O-GlcNAcylation can
either decrease or increase phosphorylation of AKT [30,67]. Thus, it is not surprising that
inhibition of OGT had an opposite effect on the AKT phosphorylation status in monocytes
and moDCs, especially if we take into consideration that these two cell types differ in
phenotype and functions. Of note, the dual role of O-GlcNAcylation in the context of pro-
or anti-inflammatory effect is well known and is nicely presented in macrophages and T
cells. Hyper O-GlcNAcylation is predicted to boost the pro-inflammatory function of M1
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macrophages, while it enhances the anti-inflammatory response of M2 [68]. In T cells, it
has been shown that adequate O-GlcNAcylation is crucial for lineage stability and effector
function in Treg cells, while it enhanced the pro-inflammatory role of Th1. [49,69].

Among the signalling pathways that are crucial in shaping functional DCs is also the
MEK/ERK axis, which tightly regulates secretion of pro-inflammatory cytokines [70]. It
has been recently demonstrated that the reduced O-GlcNAcylation or OGT knockdown
supresses ERK1/2 activation in neutrophils and gastric cancer cells [71,72]. Herein, we
show that OGT inhibition affects the MAPK cascade differently in immature as in mature
moDCs. Namely, the presence of OSMI-1 during the differentiation process of monocytes
to immature DCs led to activation of the MAPK pathway (as witnessed by increased levels
of phosphorylated ERK1/2 and MEK at day 6). On the other hand, if the inhibitor was also
present during the maturation of immature moDCs to mature moDCs, reduction of the
phosphorylation status was observed compared to untreated cells. This indicates a dual
role of OGT, which depends on the developmental state of DCs. Along with the observed
increase of the pro-inflammatory cytokine IL-6 and reduced release of anti-inflammatory
IL-10, we can conclude that OSMI-1 induces a pro-inflammatory phenotype in immature
moDCs. Of note, similar results were obtained in macrophages where OGT depletion
increased TNF-α and IL-6 secretion and promoted inflammation [73]. Investigation of
relevant surface markers also revealed an altered expression profile when DCs were
generated in the presence of OSMI-1. The latter prevented the downregulation of CD14 and
caused an up-regulation of CD86, HLA-DR and ILT-3, while the expression of DC-SIGN
and ILT-4 remained significantly low. The regulation of these markers is complex and often
ambiguous, but such a phenotypic profile, along with the altered secretion of IL-6 and IL-10,
indicates differentiation of monocytes into an alternative population of immature moDCs
with impaired endocytic capacity. Since the OGT inhibition led to such a distinct phenotype
of immature moDCs, we next investigated if this observation also translates to mature
moDCs. As expected, when OSMI-1 was present during the maturation process, a shift in
surface markers was observed, implying an alternatively matured population of mature
moDCs, being CD14medDC-SIGNlowHLA-DRmedCD80lowCD86highILT-3highILT-4low with
a decreased capacity to secrete IL-10. Activation and polarization of T cells depends
on the expression of co-stimulatory and inhibitory molecules on DCs, their capacity of
antigen presentation by HLA-DR and presence of cytokines in the microenvironment.
These parameters were altered in OSMI-1 treated moDCs, thus we next evaluated if
the alternatively matured moDCs were able to elicit allogeneic stimulation of T cells.
Firstly, mature moDCs were used in co-cultures with allogeneic lymphocytes. An increase
in proliferation rate of T cells was observed if co-cultures were prepared with OSMI-1
pre-treated mature moDCs. Flow cytometry analysis of proliferating T cells showed a
statistically significant increase in the number of CD8+ T cells. A similar trend was also
observed with CD4+ cells; however, it was not statistically significant. In addition, these
co-cultures produced higher levels of IFN-γ and IL-6 compared to co-cultures where
untreated mature moDCs were used. These observations were unexpected, since we
predicted that the decreased expression of HLA-DR and co-stimulatory molecules in
mature moDCs generated in the presence of OSMI-1 would hamper their ability to induce
T cell proliferation. Apparently, the expression of these molecules was still high enough.
Moreover, decreased IL-10 secretion along with lower expression of inhibitory receptor
ILT-4, seem to have helped to accelerate T cell proliferation. To delineate the polarization
of T cells, we prepared co-cultures of mature moDCs with naïve CD4+ T cells. Normally,
IL-12 secreted from mature moDCs induces polarization of Th0 into Th1 cells, which are
characterised as IFN-γ, TNF-α and IL-2 secreting cells. In our case, moDCs did not secrete
IL-12, probably due to the cytokine cocktail used for activation. The latter namely contains
PGE2, which is known to inhibit production of several chemokines and cytokines, including
IL-12 [74]. However, the analysis of supernatants from allogeneic co-cultures of T cells
and mature OSMI-1-moDCs revealed high levels of IFN-γ, TNF-α and IL-2 suggesting
polarization into Th1 cells. A similar cytokine profile was also found in co-cultures of T



Cells 2021, 10, 3312 10 of 16

cells with VitD3/IFN-γ pre-treated mature moDCs (tolDCs). Mature moDCs generated
in the presence of VitD3/IFN-γ are known to induce polarization of naïve T cells into
regulatory T cells (Tregs) [75]. Based on the similarity of results obtained from our co-
cultures, we assumed that the mature moDCs generated in the presence of OSMI-1 would
cause polarization of naïve T cells into Tregs. For the latter a shift in the expression from
CD25lowFoxP3low to CD25highFoxP3high is characteristic. Surprisingly, this phenotype was
not observed on T cells from co-cultures with mature OSMI-1-moDCs, but was present
in positive controls where tolDCs were used. However, one must point out, that the
Treg profile and cytokine profile obtained from co-cultures of T cells with tolDCs was not
extensively pronounced. This could be attributed to the cytokine cocktail used for the
activation, which consisted of rhGM-CSF, PGE2, rhIL-1ß, rhTNF-α and rhIL-6. Usually,
in experiments where tolDCs are generated in the presence of VitD3/IFN-γ alone or the
activation is carried out with LPS [75,76].

To conclude, reports show that a shifted O-GlcNAcylation status is present in several
pathologies [34,36,51]. For example, in mice with induced inflammatory bowel disease
increased O-GlcNAcylation was noticed. Such phenotype was also observed in intestinal
epithelial tissues of patients with Crohn’s disease [77]. In malignancies it is well known
that enhanced levels of O-GlcNAcylation are present. Primary pre-B acute lymphocytic
leukemia (pre-B-ALL) cells have high levels of O-GlcNAcylated proteins and upregulated
OGT accompanied with an overactivated PI3K/AKT/c-Myc axis. Moreover, in cell lines
the suppression of OGT reduced the cell proliferation rate and induced apoptosis [61]. It
is becoming clear that dysregulation of O-GlcNAcylation can either play a pro- or anti-
inflammatory role, which depends on the type or developmental stage of the immune cell
in question [60,78]. In the case of moDCs, we show that OGT inhibition affects several
signalling pathways during the differentiation and maturation of moDCs. The end result is
an alternative type of moDCs with altered functionalities in terms of endocytosis, T cell
proliferation stimulating capacity and T cell polarization. These primary observations pave
the way for future studies, where the role of OGT can be further evaluated as a potential
target for therapeutic interventions in diseases linked to disrupted O-GlcNAcylation status.
However, the role of OGT should be investigated with care and in respect to the immune
cell type, due to its involvement in several intracellular processes.

4. Materials and Methods
4.1. Isolation of Monocytes, T Cells and Naïve CD4+ T Cells from PBMCs

Buffy coats from venous blood of anonymized healthy donors were purchased from
the Blood Transfusion Centre of Slovenia. Peripheral blood mononuclear cells (PBMCs)
were isolated using Lymphoprep (Stemcell Technologies, Vancouver, BC, Canada). The
cells were washed twice with phosphate-buffered saline (PBS), counted, and used as
a source for the immunomagnetic negative isolation of CD14+ cells (EasySep, Stemcell
Technologies) or CD4+ naïve T cells (MojoSort, Biolegend, San Diego, CA, USA). The purity
of CD14+ and naïve T cells was greater than 85 and 96%, respectively, as determined by
flow cytometry. CD3+ T cells were obtained by negative selection using RosetteSep Human
T cell enrichment cocktail (Stemcell Technologies) and by density centrifugation using
Lymphoprep. The cells were washed twice with PBS. The purity of T cells was greater than
95%, as determined by flow cytometry.

4.2. Generation of Monocyte-Derived Dendritic Cells (moDCs)

Monocytes were cultured in RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA) medium,
supplemented with 10% fetal bovine serum (Gibco, Life Technologies, Paisley, UK), 50 U/mL
penicillin and 50 µg/mL streptomycin (Sigma-Aldrich), 800 U/mL of rhGM-CSF and
1000 U/mL of rhIL-4 (both Biolegend) at 0.5–1 × 106 cells/mL. Cells were cultured in
a humidified incubator at 37 ◦C and 5% CO2. On day 3, half of the medium was ex-
changed with the addition of double quantities of rhGMCSF and rhIL-4. In some instances,
20 µM OSMI-1 was added to monocytes at the start of differentiation. After 6 days, non-
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adherent, immature moDCs were harvested and characterized by flow cytometry. For
maturation, immature moDCs were counted and re-suspended in RPMI-1640 medium
containing 1000 IU/mL of rhGM-CSF, 1 µg/mL of PGE2 (Cayman Chemical, Ann Ar-
bor, MI, USA), 200 IU/mL of rhIL-1ß (Invivogen, San Diego, CA, USA), 1000 IU/mL of
rhTNF-α (eBiosceience, ThermoFisher Scientific, Waltham, MA, USA), and 1000 IU/mL of
rhIL-6 (Biolegend) and matured for 2 additional days [79]. In some instances, 10 ng/mL
of Vitamin D3 (Sigma-Aldrich) together with 500 IU/mL rhIFN-γ (Biolegend) or 20 µM
OSMI-1 (results depicted in Figure S4) were added to untreated immature moDCs or 20 µM
OSMI-1 was added to immature OSMI-1-moDCs at the start of maturation. After 8 days,
non-adherent, mature moDCs were harvested and characterized by flow cytometry.

4.3. Immunophenotyping of moDCs

The expression of surface markers was characterized by flow cytometry and the use
of specific antibodies. On day 0, 6 or 8, non-adherent cells were harvested and collected by
centrifugation. The cells were re-suspended in a solution of selected antibodies (PBS, 2mM
EDTA, 0.5% BSA) and incubated at 4 ◦C for 20 min in the dark. Afterwards, 400 µL of PBS
was added and the samples were centrifuged at 300× g at 4 ◦C for 5 min. The cells were
then re-suspended in 400 µL of PBS and analysed on Attune NxT flow cytometer (Life
Technologies, Carlsbad, CA, USA). The following monoclonal antibodies were used: anti-
CD14 Pacific Orange (ThermoFisher Scientific), anti-DC-SIGN APC/Fire 750, anti-CD80
AlexaFluor 488, anti-CD86 Pacific Blue, anti-HLA-DR PerCP, anti-CD85k APC, anti-CD274
PE (All from Biolegend), anti-CD85k FITC, anti-CD274 APC, anti-CD85d PE (all from
Miltenyi Biotec, North Rhine-Westphalia, Germany). For isotype control IgG1, IgG2a
and IgG2b cocktail was used (all from Biolegend). The results are expressed as median
fluorescence intensity (MFI) values.

4.4. Allogeneic T Cell Proliferation Assay

The proliferation of T cells was determined using the CellTraceTM Cell Proliferation
Kit (Invitrogen Molecular Probes, Eugene, OR, USA) in accordance with the manufacturer’s
instructions. T cells were re-suspended in PBS at 2 × 106 cells per mL and incubated with
5 µM CFSE dye for 10 min at 37 ◦C. Cells were then washed two times with culture medium,
re-suspended and plated on U-bottom 96-well plate at 15 × 104 cells per well. Allogeneic
mature moDCs were washed with PBS, counted, and 1.5 × 104 cells per well were added to
CFSE-labelled T cells and incubated for 6 days (the ratio T cell: moDC was 10:1). All assays
had a negative control (T cells alone) and positive control (addition of 10 µg/mL of PHA
(Sigma-Aldrich)). After 6 days of incubation supernatants were collected and analysed
for the presence of IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ and TNF-α. The remaining T cells
were analysed by flow cytometry to determine their proliferation rate.

4.5. T Cell Polarization

Isolated naïve CD4+ T cells were plated in U-bottom 96 well plate at 15 × 104 cells
per well. Mature moDCs were washed with PBS, counted, and added to naïve T cells at
1.5 × 104 cells per well and incubated for 6 days. The remaining cells were washed and
re-suspended in RPMI 1640 medium supplemented with 10% fetal bovine serum, 50 U/mL
penicillin, 50 µg/mL streptomycin and 100 IU/mL rhIL-2, and plated in a 96 well plate.
Every second day half of the medium was replaced with the fresh one. On day 10, the
cells were transferred in 48 well plates. On day 14, the supernatants were collected and
the cells were washed and counted. Cells (5 × 105) were used for characterisation of Tregs.
Remaining cells (5 × 105) were stimulated with 1.4 µM ionomycin (Sigma-Aldrich) and
16.2 nM PMA (Sigma-Aldrich) for 5 h. Supernatants were collected for cytokine detection
at the end of stimulation.
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4.6. Immunophenotyping of T Cells

The expression of surface markers was characterized by flow cytometry and the
use of specific antibodies. On day 6 (T cell proliferation) or 14 (T cell polarization), the
cells were harvested and collected by centrifugation. To determine T cell proliferation
rate the cells were re-suspended in a solution of selected antibodies (PBS, 2mM EDTA,
0.5% BSA) and incubated at 4 ◦C for 20 min in the dark. Afterwards, 400 µL of PBS
was added and the samples were centrifuged at 300× g at 4 ◦C for 5 min. The cells
were then re-suspended in 400 µL of PBS and analysed on Attune NxT flow cytometer.
The following monoclonal antibodies were used: anti-CD4 APC; anti-CD8 PE-Cy5 (both
BD Biosciences, San Jose, CA, USA). The results are expressed as percentage of divided
cells. To determine percentage of Treg, the Treg Detection Kit was used according to
manufacturer’s instructions (Miltenyi Biotec). In brief, the cells were re-suspended in a
solution of anti-CD4 VioGreen, anti-CD25 VioBright 515, anti-CD127 PE (PBS, 2mM EDTA,
0.5% BSA) and incubated at 4 ◦C for 10 min in the dark. Afterwards, the cells were washed
and fixed at 4 ◦C for 30 min. Fixed cells were washed and permeabilised together with
tandem signal enhancer and anti-FoxP3 Vio667 at 4 ◦C for 30 min in the dark. At the end
the cells were washed and re-suspended in 400 µL of PBS and analysed on flow cytometer.
The results are expressed as percentage of CD25+FoxP3+ cells.

4.7. Endocytosis Assay

Endocytosis was assessed by flow cytometry using FITC-conjugated dextran particles
(molecular weight ≈ 40.000 Da; Life Technologies). Immature moDCs were harvested
and centrifuged at 300× g for 7 min at 4 ◦C. In brief, 1 × 105 cells were incubated in
RPMI-1640 with 1 mg/mL of FITC conjugated dextran particles for 1 h either at 37 ◦C
or 4 ◦C. For negative control, the cells were incubated at room temperature without the
FITC-dextran. Cells pre-treated with 5 µM cytochalasin D (Sigma-Aldrich) for 1h were
used as a negative control. Afterwards, the samples were washed three times with 2% BSA
in PBS and centrifuged at 300× g at 4 ◦C for 10 min. The cell pellets were resuspended in
PBS and then analysed using the flow cytometer. Endocytosis of FITC-conjugated dextran
particles was determined by the subtraction of MFIs of FITC positive cells at 37 ◦C with the
MFI values obtained at 4 ◦C.

4.8. Immunoblotting

Monocytes, immature and mature moDCs were cultured at a density of 1 × 106 cells
per mL and treated with compounds of interest or corresponding vehicle. At the defined
time periods (O-GlcNAcylation status after 4, 12 and 24 h of initiated differentiation;
signalling pathways after 4 h after start of differentiation or 30 and 120 min after start of
maturation; the protein levels in non-treated cells on day 0, 6 and 8), 2 × 106 cells were
harvested and centrifuged at 3000 rpm for 5 min. Afterwards, the cells were re-suspended
in ice-cold PBS, and centrifuged at 3000 rpm for 5 min. Cell pellets were lysed on ice using
modified RIPA buffer, consisting of 50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% NP-40,
0.5% Na-deoxycholate, 0.1% SDS, 1 mM EDTA, 1× Halt Phosphatase inhibitor cocktail and
1× Halt Protease inhibitor cocktail (Thermo Scientific). Then, the lysates were sonicated,
rocked on ice for 30 min, and centrifuged at 15,000× g at 4 ◦C for 20 min. The samples
containing 20 µg of protein were denaturated at 96 ◦C for 5 min in a sample loading buffer
(3% SDS, 10% glycerol, 62.5 mM Tris–HCl, pH 6.8, 5% 2-mercaptoethanol, 0.1% bromphenol
blue) and loaded on SDS-polyacrylamide gels. Electrophoresis was carried out in Tris-
glycin buffer at 100 V, followed by wet transfer to nitrocellulose membranes (GE Healthcare
Life Science, Uppsala, Sweden) or dry transfer to PVDF membranes using the iBlot2
(Invitrogen, Waltham, MA, USA). The SeeBlue® Plus2 pre-stained reagent (Invitrogen)
was used to determine the molecular weights of separated proteins. Nonspecific binding
sites were blocked for 1 h at room temperature in 3% bovine serum albumin (Sigma-
Aldrich) in tTBS (TBS, 0.1% Tween; Sigma-Aldrich). The membranes were then washed
and incubated overnight at 4 ◦C with gentle stirring in a solution containing appropriate
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primary antibodies. On the next day, the membranes were washed three times with
0.1% Tween in TBS and incubated for 1 h at room temperature with the corresponding
dilution of a secondary antibody conjugated to horseradish peroxidase (Cell Signaling
Technology, Danvers, MA, USA) in a 5% solution of skim milk powder (Merck, Kenilworth,
NJ, USA) (TBS, 0.1% Tween). After incubation, the membranes were washed 5-times in
0.1% Tween in TBS and then the SuperSignal West Femto substrate (ThermoScientific)
was added. The chemiluminescent signal was acquired on the Uvitec Cambridge Alliance
chemiluminometer (Uvitec, Lodi, NJ, USA). The band intensities were quantified using the
Uvitec Imager. To ensure the equal loading of proteins, the membranes were stripped with
a stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris/HCl, pH = 6.8)
for 45 min at 50 ◦C and re-probed with antibodies as described above.

The antibodies and their dilutions used were as follows: anti-O-GlcNAcylation
(CTD110.6; 1:1000; BioLegend), anti-OGA (HPA036141; 1:1000; Sigma-Aldrich), anti-OGT
(24083; 1:1000; Cell Signaling Technology), anti-p-ERK1/2 (9101; 1:1000; Cell Signaling
Technology), anti-p-MEK1/2 (9154; 1:1000; Cell Signaling Technology), anti-p-AKT (9271;
1:500; Cell Signaling Technology), anti-p-mTOR (5536; 1:1000; Cell Signaling Technology),
anti-p-mTOR (2974; 1:800; Cell Signaling Technology), anti-ERK1 (sc-93; 1:1000; SantaCruz,
Dallas, TX, USA), anti-ERK2 (sc-154; 1:5000; SantaCruz), anti-MEK1/2 (8727; 1:1000; Cell
Signaling Technology), anti-AKT (4685; 1:1000; Cell Signaling Technology), anti-mTOR
(2983S; 1:1000; Cell Signaling Technology), anti-ß-actin (A5316; 1:7000; Sigma-Aldrich),
anti-tubulin (2148; 1:1000; Cell Signaling Technology), anti-ß-tubulin (2146; 1:1000; Cell
Signaling Technology), anti-mouse IgG-HRP (7076, 1:10000; Cell Signaling Technology)
and anti-rabbit IgG-HRP (7074; 1:10000; Cell Signaling Technology).

4.9. Cytokine Detection

Cell-free supernatants were obtained by centrifugation at 1200 rpm for 5 min and
stored at −80 ◦C until measurement. Cytokine concentrations were assessed by the Hu-
man Inflammatory or the Human Th1/Th2/Th17 Cytometric Bead Array (CBA) kits (BD
Biosciences) according to the manufacturer’s protocol. The data were analysed with FlowJo
software. The results are expressed in pg/mL.

4.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.2.1 or 9.2.0, and the data
were evaluated using paired Student’s t-tests or 2-way ANOVA; p < 0.05 was considered to
be indicative of statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.001).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10123312/s1, Figure S1: Viability of moDCs, Figure S2: Characterisation of mTOR/AKT
and MEK/ERK signalling pathways in the presence of OSMI-1, Figure S3: Characterisation of
specific DC surface markers in the presence of Vitamin D3 together with IFN-γ (tolDCs). Figure S4:
Characterisation of specific DC surface markers in the presence of OSMI-1 during maturation.
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