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Abstract: The recognition of cell surface glycans by lectins may be critical for the innate and adaptive
immune responses. ArtinM, a D-mannose-binding lectin from Artocarpus heterophyllus, activates
antigen-presenting cells by recognizing TLR2 N-glycans and induces Th1 immunity. We recently
demonstrated that ArtinM stimulated CD4+ T cells to produce proinflammatory cytokines. Here, we
further studied the effects of ArtinM on adaptive immune cells. We showed that ArtinM activates
murine CD4+ and CD8+ T cells, augmenting their positivity for CD25, CD69, and CD95 and showed
higher interleukin (IL)-2 and interferon (IFN)-γ production. The CD4+ T cells exhibited increased
T-bet expression in response to ArtinM, and IL-2 production by CD4+ and CD8+ T cells depended on
the recognition of CD3εγ-chain glycans by ArtinM. The ArtinM effect on aberrantly-glycosylated
neoplastic lymphocytes was studied in Jurkat T cells, in which ArtinM induced IL-2, IFN-γ, and
IL-1β production, but decreased cell viability and growth. A higher frequency of AnnexinV- and
propidium iodide-stained cells demonstrated the induction of Jurkat T cells apoptosis by ArtinM, and
this apoptotic response was reduced by caspases and protein tyrosine kinase inhibitors. The ArtinM
effects on murine T cells corroborated with the immunomodulatory property of lectin, whereas
the promotion of Jurkat T cells apoptosis may reflect a potential applicability of ArtinM in novel
strategies for treating lymphocytic leukemia.
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1. Introduction

Most mammalian cellular and membrane-bound proteins are glycosylated, implying that
carbohydrates have an essential role in determining the functions of proteins and cells [1]. Interactions
involving some cell surface glycans are especially critical for several functions of the immune
system [2–7] and glycan-binding proteins are strongly associated with both innate and adaptive
immunity [8]. Proteins that recognize and bind specific carbohydrate structures are classified as
lectins [9], and many of them exert a lymphoproliferative activity that depends on their carbohydrate
recognition domain (CRD) [10]. The CRD of lectins also participates in regulating the activation of
adaptive immune cells [11,12].

T lymphocytes are fundamental protagonists of the adaptive immune system. CD4+ T cells
play critical roles such as regulating macrophage function, helping B cells to produce antibodies,
orchestrating immune responses against pathogenic microorganisms, and enhancing and maintaining
CD8+ T cell responses [13,14]. In turn, CD8+ T cells promote the cytolysis of antigen-expressing target
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cells to protect the host against intracellular pathogens favoring the repair of injured tissue [15]. The
development of effector and memory CD8+ T cells often depends on activated CD4+ T cells [16,17],
which show a developmental plasticity regarding their T helper (Th) function. Th1 cells express
T-bet and produce interferon (IFN)-γ as their signature cytokine, whereas Th2 cells express GATA-3
and characteristically produce interleukin (IL)-4. The differentiation of CD4+ T cells into either the
Th1 or Th2 subset requires IL-2 production and CD25 (IL-2 receptor) expression [14,18–20]. Other
relevant CD4+ T cell populations are Th17 cells, which express the transcription factor RORγt and
produce IL-17A, and regulatory T cells (Tregs), which express FoxP3 and regulate the activation of
T cells [20]. The differentiation of CD8+ T cells into cytotoxic T lymphocytes (CTLs) is associated
with the up-regulation of CD69. Functional CTLs exhibit membrane-bound cytoplasmic granules that
contain perforin and granzyme, whose function is to kill other cells. In addition, CTLs produce IFN-γ
and tumor necrosis factor (TNF)-α, which favor the innate and adaptive immune response against
intracellular pathogens [21]. Remarkably, the activation and death of T cells are tightly controlled,
and CD95 (also known as Fas antigen from the tumor necrosis factor receptor superfamily) mediates
signals leading to apoptotic death, maintaining both the efficacy of the immune response and the
prevention of autoimmunity after T cell receptor (TCR) stimulation [22]. The expression of mature
TCR is high in Jurkat T cells, which display low levels of CD4 and no CD8 [23].

Using murine spleen cells, it was previously verified [24] that the immunomodulatory lectin
ArtinM exerts a lymphoproliferative activity. ArtinM, which can be obtained from the seeds of
Artocarpus heterophyllus [25], is a homotetrameric lectin containing in each polypeptide chain a CRD
with affinity to Manα1–3[Manα1–6]Man, which constitutes the core N-linked oligosaccharide structure.
ArtinM induces the production of proinflammatory cytokines, which is triggered by its interactions
with glycotargets on the surface of immune cells, namely neutrophils [25–28], macrophages, dendritic
cells [29], and mast cells [30]. The effect of ArtinM on antigen-presenting cells (APCs), which is initiated
by the recognition of TLR2 N-glycans by ArtinM, is responsible for promoting IL-12 production [31–33].
This event was considered to be central to the immunomodulatory activity exerted by ArtinM on
the development of Th1 cells following the in vivo administration of lectin [31,32], resulting in an
enhanced resistance to intracellular pathogens [29,31,32,34–36].

The notion that immunomodulation by ArtinM is exclusively due to its interaction with innate
immune cells has changed after the description of its ability to activate T lymphocytes directly [24].
Besides inducing lymphoproliferation and IL-2 production [24], ArtinM promotes IL-17 release by
acting directly on CD4+ T cells through an interaction with CD3 [37]. We designed the present
study to further investigate the effects of ArtinM on murine T cells and search for new mechanisms
accounting for the Th1-inducing property of lectins. Additionally, we examined the effect of ArtinM
on aberrantly-glycosylated lymphocytes using the Jurkat human T leukemia cell line. We showed
that ArtinM exerts direct effects on CD4+ T cells and CD8+ T cells that conceptually contribute to its
immunomodulatory activity towards a Th1 response. In contrast, ArtinM promoted the cell death of
Jurkat T cells, which are neoplastic lymphocytes.

2. Results

2.1. ArtinM Induces the Activation of Murine CD4+ and CD8+ T Cells

We reported previously that ArtinM binds to the surface of murine spleen cells through
carbohydrate recognition [24]. Herein, we studied the interaction of ArtinM with particular T cell
populations. We verified that ArtinM binds equivalently to the surfaces of purified CD4+ and CD8+ T
cells in a manner that is dependent on its carbohydrate recognition property, since the pre-incubation
of ArtinM with its specific ligand Manα1–3[Manα1–6]Man inhibited its interactions with both CD4+

and CD8+ T cells. In contrast, lactose, a disaccharide that is not specific for ArtinM, exerted no
significant effect on the lectin binding to the assayed cells, although the mean fluorescence intensity
(MFI) provided by CD8+ T cells has slightly shifted (Figure 1), a fact that deserves further studies.
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Figure 1. ArtinM binding to the surface of CD4+ and CD8+ T cells is specifically sugar-inhibited. Cells 
were isolated from a suspension of C57BL/6 mice spleen cells. After fixation, they were incubated 
with biotinylated ArtinM (25 µg/mL) for 40 min (blue). For some indicated experiments, ArtinM was 
pre-incubated with mannotriose (2 mM; cyan) or lactose (20 mM; black) for 40 min, and then added 
to CD4+ (A) or CD8+ (B) T cells suspensions for an additional 40 min incubation. After washing the 
cells, they were analyzed to determine the presence of bound ArtinM through reaction with 
streptavidin-fluorescein isothiocyanate (FITC) (5 µg/mL). Streptavidin-FITC alone (red) was used as 
the negative control. The cells were analyzed by flow cytometry for cell counting and green 
fluorescence intensity measurement. The red line (M1) indicates the cells that were positive for 
ArtinM binding. 

To investigate whether ArtinM binding triggers the activation of either CD4+ or CD8+ T cells, we 
first assessed their mitochondrial activity following 24 h stimulation with ArtinM. The MTT assay 
results showed that ArtinM treatment at concentrations of 0.625 and 1.25 µg/mL increased the 
mitochondrial activities of CD4+ and CD8+ T cells. The maximum activity was observed after 
treatment with 1.25 µg/mL ArtinM, while a higher ArtinM concentration (2.5 µg/mL) substantially 
reduced the mitochondrial activity, suggesting that it was toxic for both cell populations (Figure 2A). 
The capacity of ArtinM to induce the activation of CD4+ and CD8+ T cells was additionally assessed 
by measuring IL-2 production and cell proliferation. We found high IL-2 levels in the supernatants 
of CD4+ and CD8+ T cells that were stimulated with 1.25 µg/mL ArtinM for 24 h (Figure 2B). This 
stimulus also induced the proliferation of both cell populations (Figure 2C), as estimated through the 
3H-deoxythymidine ([3H]-TdR) incorporation assay. Then, the stimulated cells were Annexin V-
stained and analyzed by flow cytometry. The percentage of cells that were positive for Annexin V 
staining was similar among stimulated and non-stimulated CD4+ and CD8+ T cells (Figure 2D), 
whereas stimulation with staurosporine or phorbol 12-myristate 13-acetate (PMA) plus ionomycin 
promoted a high incidence of apoptotic CD4+ and CD8+ T cells. We concluded that the stimulation of 
T cells with ArtinM did not induce cell death at low concentrations. 

2.2. CD4+ and CD8+ T Cells Activation Marker Expression Is Induced by ArtinM 

To better characterize the induction of T cell activation by ArtinM, we studied the expression of 
CD25 (α chain of the IL-2 receptor) and CD95 (a member of the tumor necrosis factor receptor 
superfamily) on CD4+ and CD8+ T cells following 24 and 48 h stimulation with ArtinM. The cells were 
then analyzed by flow cytometry, which showed that ArtinM induced a significant increase in the 
frequency of CD25- and CD95-positive CD4+ and CD8+ T cells, in comparison to that in unstimulated 
cells (Figure 2E,F). Additionally, we examined the ArtinM-stimulated CD8+ T cells for the expression 
of CD69 (also known as very early activation antigen). ArtinM stimulation augmented the frequency 
of CD69-positive CD8+ T cells, in comparison to that in unstimulated cells (Figure 2G). These 
observations reinforce the idea that ArtinM promotes the activation of both CD4+ and CD8+ T cells. 

Figure 1. ArtinM binding to the surface of CD4+ and CD8+ T cells is specifically sugar-inhibited. Cells
were isolated from a suspension of C57BL/6 mice spleen cells. After fixation, they were incubated
with biotinylated ArtinM (25 µg/mL) for 40 min (blue). For some indicated experiments, ArtinM
was pre-incubated with mannotriose (2 mM; cyan) or lactose (20 mM; black) for 40 min, and then
added to CD4+ (A) or CD8+ (B) T cells suspensions for an additional 40 min incubation. After washing
the cells, they were analyzed to determine the presence of bound ArtinM through reaction with
streptavidin-fluorescein isothiocyanate (FITC) (5 µg/mL). Streptavidin-FITC alone (red) was used as
the negative control. The cells were analyzed by flow cytometry for cell counting and green fluorescence
intensity measurement. The red line (M1) indicates the cells that were positive for ArtinM binding.

To investigate whether ArtinM binding triggers the activation of either CD4+ or CD8+ T cells,
we first assessed their mitochondrial activity following 24 h stimulation with ArtinM. The MTT
assay results showed that ArtinM treatment at concentrations of 0.625 and 1.25 µg/mL increased
the mitochondrial activities of CD4+ and CD8+ T cells. The maximum activity was observed after
treatment with 1.25 µg/mL ArtinM, while a higher ArtinM concentration (2.5 µg/mL) substantially
reduced the mitochondrial activity, suggesting that it was toxic for both cell populations (Figure 2A).
The capacity of ArtinM to induce the activation of CD4+ and CD8+ T cells was additionally assessed
by measuring IL-2 production and cell proliferation. We found high IL-2 levels in the supernatants
of CD4+ and CD8+ T cells that were stimulated with 1.25 µg/mL ArtinM for 24 h (Figure 2B). This
stimulus also induced the proliferation of both cell populations (Figure 2C), as estimated through
the 3H-deoxythymidine ([3H]-TdR) incorporation assay. Then, the stimulated cells were Annexin
V-stained and analyzed by flow cytometry. The percentage of cells that were positive for Annexin
V staining was similar among stimulated and non-stimulated CD4+ and CD8+ T cells (Figure 2D),
whereas stimulation with staurosporine or phorbol 12-myristate 13-acetate (PMA) plus ionomycin
promoted a high incidence of apoptotic CD4+ and CD8+ T cells. We concluded that the stimulation of
T cells with ArtinM did not induce cell death at low concentrations.

2.2. CD4+ and CD8+ T Cells Activation Marker Expression Is Induced by ArtinM

To better characterize the induction of T cell activation by ArtinM, we studied the expression
of CD25 (α chain of the IL-2 receptor) and CD95 (a member of the tumor necrosis factor receptor
superfamily) on CD4+ and CD8+ T cells following 24 and 48 h stimulation with ArtinM. The cells were
then analyzed by flow cytometry, which showed that ArtinM induced a significant increase in the
frequency of CD25- and CD95-positive CD4+ and CD8+ T cells, in comparison to that in unstimulated
cells (Figure 2E,F). Additionally, we examined the ArtinM-stimulated CD8+ T cells for the expression
of CD69 (also known as very early activation antigen). ArtinM stimulation augmented the frequency of
CD69-positive CD8+ T cells, in comparison to that in unstimulated cells (Figure 2G). These observations
reinforce the idea that ArtinM promotes the activation of both CD4+ and CD8+ T cells.
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Figure 2. ArtinM stimulates CD4+ and CD8+ T cells activation. CD4+ and CD8+ T cells (1.5 × 106/mL) 
were purified from a suspension of C57BL/6 mice spleen cells distributed in 96-well microplates and 
incubated at 37 °C, for the indicated periods, under stimulation with ArtinM at different 
concentrations (A) or with 1.25 µg/mL ArtinM (B–G). Concanavalin A (ConA; 5 µg/mL), phorbol 12-
myristoyl 13-acetate (PMA; 50 ng/mL) plus ionomycin (1 µM), and staurosporine (Stauro; 1 µM), or 
interferon-γ (IFN-γ) (50 ng/mL) were used as positive controls, as indicated in each respective panel. 
Culture medium alone was used as the negative control. (A) After 24 h of incubation, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was added to the culture medium. The 
mitochondrial activity was measured through MTT reduction and expressed as the absorbance 
relative to that of the negative control as a percentage value; (B) the cell culture supernatants were 
analyzed for their IL-2 levels through an enzyme-linked immunosorbent assay (ELISA); (C) after 48 
h of stimulation, [3H]-thymidine (0.5 µCi/well) was added. Following a further 12 h of incubation, cell 
proliferation was measured by detecting [3H]-thymidine incorporation (expressed as counts per 
minute); (D–G) after 24 or 48 h of stimulation, CD4+ and CD8+ T cells were stained with Annexin V-
FITC, anti-CD25 phycoerythrin (PE), anti-CD95 FITC, or anti-CD69 FITC. The frequency of stained 
cells was analyzed by flow cytometry. The results are expressed as means ± standard error of the 
mean (SEM); * p < 0.05 compared to the negative control (medium alone). 

2.3. CD4+ and CD8+ T Cells Show a Marked Proinflammatory Profile after ArtinM Stimulation 

Because ArtinM promotes the activation of CD4+ and CD8+ T cells, we studied IFN-γ production 
by these cells after 48 h stimulation with ArtinM. We verified that the supernatant of the stimulated 
CD4+ and CD8+ T cells contained significantly higher IFN-γ levels in comparison to that of 
unstimulated cells (Figure 3A). To characterize the pattern of CD4+ T cell activation induced by 
ArtinM, we examined the relative expression of transcription factors related to Th1- and Th2-
differentiation following 8 h stimulation with ArtinM. We verified that ArtinM stimulation was 
associated with significantly higher T-bet expression (Figure 3B) and lower GATA-3 expression (Figure 
3C) when compared to unstimulated cells. The pro-inflammatory pattern of the response induced by 
ArtinM is compatible with the protective effect against intracellular pathogens exerted in vivo by 
lectin administration. 

Figure 2. ArtinM stimulates CD4+ and CD8+ T cells activation. CD4+ and CD8+ T cells (1.5 × 106/mL)
were purified from a suspension of C57BL/6 mice spleen cells distributed in 96-well microplates
and incubated at 37 ◦C, for the indicated periods, under stimulation with ArtinM at different
concentrations (A) or with 1.25 µg/mL ArtinM (B–G). Concanavalin A (ConA; 5 µg/mL), phorbol
12-myristoyl 13-acetate (PMA; 50 ng/mL) plus ionomycin (1 µM), and staurosporine (Stauro; 1 µM),
or interferon-γ (IFN-γ) (50 ng/mL) were used as positive controls, as indicated in each respective
panel. Culture medium alone was used as the negative control. (A) After 24 h of incubation,
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was added to the culture
medium. The mitochondrial activity was measured through MTT reduction and expressed as the
absorbance relative to that of the negative control as a percentage value; (B) the cell culture supernatants
were analyzed for their IL-2 levels through an enzyme-linked immunosorbent assay (ELISA); (C) after
48 h of stimulation, [3H]-thymidine (0.5 µCi/well) was added. Following a further 12 h of incubation,
cell proliferation was measured by detecting [3H]-thymidine incorporation (expressed as counts per
minute); (D–G) after 24 or 48 h of stimulation, CD4+ and CD8+ T cells were stained with Annexin
V-FITC, anti-CD25 phycoerythrin (PE), anti-CD95 FITC, or anti-CD69 FITC. The frequency of stained
cells was analyzed by flow cytometry. The results are expressed as means ± standard error of the mean
(SEM); * p < 0.05 compared to the negative control (medium alone).

2.3. CD4+ and CD8+ T Cells Show a Marked Proinflammatory Profile after ArtinM Stimulation

Because ArtinM promotes the activation of CD4+ and CD8+ T cells, we studied IFN-γ
production by these cells after 48 h stimulation with ArtinM. We verified that the supernatant of
the stimulated CD4+ and CD8+ T cells contained significantly higher IFN-γ levels in comparison
to that of unstimulated cells (Figure 3A). To characterize the pattern of CD4+ T cell activation
induced by ArtinM, we examined the relative expression of transcription factors related to Th1-
and Th2-differentiation following 8 h stimulation with ArtinM. We verified that ArtinM stimulation
was associated with significantly higher T-bet expression (Figure 3B) and lower GATA-3 expression
(Figure 3C) when compared to unstimulated cells. The pro-inflammatory pattern of the response
induced by ArtinM is compatible with the protective effect against intracellular pathogens exerted
in vivo by lectin administration.
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Figure 3. Detection of activation markers in ArtinM-stimulated CD4+ and CD8+ T cells. CD4+ and CD8+ 
T cells (1.5 × 106/mL) were distributed in 96-well microplates and incubated under stimulation with 
ArtinM (1.25 µg/mL), PMA (50 ng/mL) plus ionomycin (1 µM), IL-4 (50 ng/mL), or IL-12  
(50 ng/mL) plus IFN-γ (30 ng/mL) at 37 °C for different periods of time. Medium alone was used as 
the negative control. (A) Culture supernatants of CD4+ and CD8+ T cells were used to measure IFN-γ 
production by ELISA after 48 h of incubation; (B,C) CD4+ T cells were stimulated for 8 h and the 
extracted RNA was used for real-time quantitative polymerase chain reaction analysis of T-bet and 
GATA-3 mRNA. The results are expressed as means ± SEM; * p < 0.05 compared to the negative control 
(medium alone). 

2.4. Functional Relevance of CD3 as a Glycotarget of ArtinM on CD4+ and CD8+ T Cells 

We previously reported that the ArtinM-induced activation of CD4+ T cells depends on its 
interaction with CD3. We based this statement on our findings that ArtinM significantly reduced the 
labeling of CD4+ T cells with the anti-CD3 antibody, and the anti-CD3 antibody blocked the effects of 
ArtinM on IL-2- and IL-17-production by CD4+ T cells [24,37]. Similar procedures were adopted in 
the current work to study CD8+ T cells. First, the isolated cells, preincubated with or without ArtinM, 
were analyzed by flow cytometry to determine the frequency of CD3-stained cells. The CD3 staining 
was performed by using two different monoclonal antibodies, one derived from the clone 145-2C11, 
which recognizes the mouse CD3ε-chain, and the other from the clone 17A2, recognizing mouse 
CD3εγ-chains. The pre-incubation of CD8+ T cells with ArtinM caused a 3.5-fold decrease in the 
frequency of CD3εγ-chains-labeled cells and a 1.5-fold reduction in the frequency of CD3ε-chain-
labeled cells (Figure 4A,B). Concerning the frequency of CD4+ T cells stained with the same 
antibodies, da Silva et al. [24] reported that pre-incubation with ArtinM drastically reduced the 
frequency of cells labeled with the anti-CD3εγ-chains antibody. In a similar context, we verified 
herein that after preincubation with ArtinM, only a slight reduction in the frequency of CD4+ T cells 
stained for CD3ε-chain occurred (Figure S1). To determine whether the CD3εγ-chains contain the 
ArtinM glycotarget on CD4+ and CD8+ T cells, we investigated whether the anti-CD3εγ-chains 
antibody (17A2 monoclonal) could affect the IL-2 production by CD8+ T cells in response to ArtinM. 
Interestingly, we verified that treatment with the anti-CD3εγ-chains antibody resulted in a 70% 
inhibition of the ArtinM-induced IL-2 release by CD8+ T cells (Figure 4C). These findings suggest that 
the CD3εγ chains contain a functionally relevant glycotarget for ArtinM, whose recognition triggers 
the activation of both CD4+ and CD8+ T cells. 
  

Figure 3. Detection of activation markers in ArtinM-stimulated CD4+ and CD8+ T cells. CD4+ and
CD8+ T cells (1.5 × 106/mL) were distributed in 96-well microplates and incubated under stimulation
with ArtinM (1.25 µg/mL), PMA (50 ng/mL) plus ionomycin (1 µM), IL-4 (50 ng/mL), or IL-12 (50
ng/mL) plus IFN-γ (30 ng/mL) at 37 ◦C for different periods of time. Medium alone was used as the
negative control. (A) Culture supernatants of CD4+ and CD8+ T cells were used to measure IFN-γ
production by ELISA after 48 h of incubation; (B,C) CD4+ T cells were stimulated for 8 h and the
extracted RNA was used for real-time quantitative polymerase chain reaction analysis of T-bet and
GATA-3 mRNA. The results are expressed as means ± SEM; * p < 0.05 compared to the negative control
(medium alone).

2.4. Functional Relevance of CD3 as a Glycotarget of ArtinM on CD4+ and CD8+ T Cells

We previously reported that the ArtinM-induced activation of CD4+ T cells depends on its
interaction with CD3. We based this statement on our findings that ArtinM significantly reduced
the labeling of CD4+ T cells with the anti-CD3 antibody, and the anti-CD3 antibody blocked the
effects of ArtinM on IL-2- and IL-17-production by CD4+ T cells [24,37]. Similar procedures were
adopted in the current work to study CD8+ T cells. First, the isolated cells, preincubated with or
without ArtinM, were analyzed by flow cytometry to determine the frequency of CD3-stained cells.
The CD3 staining was performed by using two different monoclonal antibodies, one derived from
the clone 145-2C11, which recognizes the mouse CD3ε-chain, and the other from the clone 17A2,
recognizing mouse CD3εγ-chains. The pre-incubation of CD8+ T cells with ArtinM caused a 3.5-fold
decrease in the frequency of CD3εγ-chains-labeled cells and a 1.5-fold reduction in the frequency of
CD3ε-chain-labeled cells (Figure 4A,B). Concerning the frequency of CD4+ T cells stained with the
same antibodies, da Silva et al. [24] reported that pre-incubation with ArtinM drastically reduced the
frequency of cells labeled with the anti-CD3εγ-chains antibody. In a similar context, we verified herein
that after preincubation with ArtinM, only a slight reduction in the frequency of CD4+ T cells stained
for CD3ε-chain occurred (Figure S1). To determine whether the CD3εγ-chains contain the ArtinM
glycotarget on CD4+ and CD8+ T cells, we investigated whether the anti-CD3εγ-chains antibody (17A2
monoclonal) could affect the IL-2 production by CD8+ T cells in response to ArtinM. Interestingly,
we verified that treatment with the anti-CD3εγ-chains antibody resulted in a 70% inhibition of the
ArtinM-induced IL-2 release by CD8+ T cells (Figure 4C). These findings suggest that the CD3εγ chains
contain a functionally relevant glycotarget for ArtinM, whose recognition triggers the activation of
both CD4+ and CD8+ T cells.



Int. J. Mol. Sci. 2017, 18, 1400 6 of 21
Int. J. Mol. Sci. 2017, 18, 1400  6 of 21 

 

 
Figure 4. The functional effect of competition between ArtinM and anti-CD3 antibody. (A) Purified 
CD8+ T cells (1 × 106/mL) were fixed and incubated with or without ArtinM (25 µg/mL) for 40 min. 
After washing, the cells were incubated for 40 min with 145-2C11 monoclonal antibody (conjugated 
to PE; upper panel) or 17A2 monoclonal antibody (conjugated to FITC; lower panel), which are 
specific to the CD3ε chain and CD3εγ chains, respectively. The labeled cells were analyzed by flow 
cytometry, and the histograms represent the percentage of positive cells for anti-CD3 antibody after 
preincubation with (red) or without (blue) ArtinM. As shown in panel (B), the replicates and the 
overlay represent all these conditions; the statistical analysis was performed using Dunn’s multiple 
comparison test. (C) Purified CD8+ T cells (1.5 × 106/mL) were incubated with 17A2 monoclonal 
antibody against CD3 receptor (8 µg/mL; gray bar) or IgG isotype control (8 µg/mL, black bar), for 40 
min at 4 °C. The cells were incubated for 48 h at 37 °C under stimulation with ArtinM (1.25 µg/mL), 
PMA (50 ng/mL) plus ionomycin (1 µM), or medium alone, and the culture supernatants were used 
to determine the IL-2 levels by ELISA. The results are expressed as means ± SEM; * p < 0.05 indicates 
a significant difference. 

2.5. The Interaction of ArtinM with Jurkat T Cells Results in IL-2 Production 

The effects of ArtinM on murine T cells prompted us to extend the investigation to human T 
cells. We chose to work with the Jurkat cell line, realizing that these cells are derived from leukemic 
cells and could have altered glycosylation because of the neoplastic process. First, we assayed the 
binding of biotinylated ArtinM to Jurkat T cells in the presence or absence of mannotriose. A flow 
cytometric analysis showed that ArtinM bound to Jurkat T cells in a dose-dependent manner, 
establishing an interaction that was inhibited by pre-incubation of ArtinM with mannotriose (Figure 
5A,B). ArtinM binding was also examined after the Jurkat T cells were incubated with several lectins 
having diverse specificities for carbohydrate recognition, as follows: ConA (α-Manα1–2Man); PHA-
E (Galβ1–4GlcNAcβ1–2Manα1–6[GlcNAcβ1–4]Man); PHA-L (Galβ1–4GlcNAcβ1–6[Galβ1–
4GlcNAcβ1–2]Man); SNA (Neu5Acα1–6Gal); Jacalin (Galβ1–3GalNAc); UEA (Fucα1–3); and 
Morniga M (Manα1–6[Manα1–3]Man). We verified that ConA and Morniga M inhibited the 
interaction of ArtinM with Jurkat T cells by 50 and 80%, respectively (Figure 5C). Intermediate 
inhibition was shown by PHA-E (29.3%) and PHA-L (23.2%), whereas Jacalin, UEA, and SNA had no 

Figure 4. The functional effect of competition between ArtinM and anti-CD3 antibody. (A) Purified
CD8+ T cells (1 × 106/mL) were fixed and incubated with or without ArtinM (25 µg/mL) for 40 min.
After washing, the cells were incubated for 40 min with 145-2C11 monoclonal antibody (conjugated to
PE; upper panel) or 17A2 monoclonal antibody (conjugated to FITC; lower panel), which are specific to
the CD3ε chain and CD3εγ chains, respectively. The labeled cells were analyzed by flow cytometry,
and the histograms represent the percentage of positive cells for anti-CD3 antibody after preincubation
with (red) or without (blue) ArtinM. As shown in panel (B), the replicates and the overlay represent
all these conditions; the statistical analysis was performed using Dunn’s multiple comparison test.
(C) Purified CD8+ T cells (1.5 × 106/mL) were incubated with 17A2 monoclonal antibody against CD3
receptor (8 µg/mL; gray bar) or IgG isotype control (8 µg/mL, black bar), for 40 min at 4 ◦C. The cells
were incubated for 48 h at 37 ◦C under stimulation with ArtinM (1.25 µg/mL), PMA (50 ng/mL) plus
ionomycin (1 µM), or medium alone, and the culture supernatants were used to determine the IL-2
levels by ELISA. The results are expressed as means ± SEM; * p < 0.05 indicates a significant difference.

2.5. The Interaction of ArtinM with Jurkat T Cells Results in IL-2 Production

The effects of ArtinM on murine T cells prompted us to extend the investigation to human
T cells. We chose to work with the Jurkat cell line, realizing that these cells are derived from
leukemic cells and could have altered glycosylation because of the neoplastic process. First,
we assayed the binding of biotinylated ArtinM to Jurkat T cells in the presence or absence
of mannotriose. A flow cytometric analysis showed that ArtinM bound to Jurkat T cells in
a dose-dependent manner, establishing an interaction that was inhibited by pre-incubation of
ArtinM with mannotriose (Figure 5A,B). ArtinM binding was also examined after the Jurkat T cells
were incubated with several lectins having diverse specificities for carbohydrate recognition, as
follows: ConA (α-Manα1–2Man); PHA-E (Galβ1–4GlcNAcβ1–2Manα1–6[GlcNAcβ1–4]Man); PHA-L
(Galβ1–4GlcNAcβ1–6[Galβ1–4GlcNAcβ1–2]Man); SNA (Neu5Acα1–6Gal); Jacalin (Galβ1–3GalNAc);
UEA (Fucα1–3); and Morniga M (Manα1–6[Manα1–3]Man). We verified that ConA and Morniga
M inhibited the interaction of ArtinM with Jurkat T cells by 50 and 80%, respectively (Figure 5C).
Intermediate inhibition was shown by PHA-E (29.3%) and PHA-L (23.2%), whereas Jacalin, UEA, and
SNA had no significant effect on the binding of ArtinM to Jurkat cells. These results suggest that ConA



Int. J. Mol. Sci. 2017, 18, 1400 7 of 21

and Morniga M bind to N-glycans that are at least partially coincident with those targeted by ArtinM
on Jurkat T cells.

To investigate whether ArtinM activates Jurkat T cells, we measured the IL-2 levels in the culture
supernatant after 48 h stimulation with ArtinM. Treatment with ArtinM induced IL-2 production, but
only at 20 µg/mL (Figure 5D), and ArtinM also induced the production of IFN-γ and IL-1β by Jurkat
T cells, but again high lectin concentrations were required (Figure 5E,F).
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Figure 5. ArtinM-binding on Jurkat T cells and cytokine production by ArtinM-stimulated Jurkat T
cells. Jurkat T cells (2 × 105/mL) were fixed and incubated for 40 min with different treatments, as
follows: (A) non-pre-treated biotinylated ArtinM (2.5–40 µg/mL); (B) biotinylated ArtinM (40 µg/mL)
that was pre-incubated with mannotriose (2 mM) or lactose (20 mM) for 40 min; or (C) biotinylated
ArtinM (40 µg/mL) concomitantly with another lectin (ConA, phytohemagglutinin [PHA]-E, PHA-L,
Sambucus nigra lectin [SNA], Ulex europaeus agglutinin [UEA], Morniga M, or Jacalin), also at 40 µg/mL.
Then, the cells were washed and the ArtinM binding was revealed by reaction with streptavidin-FITC
(5 µg/mL) followed by analysis by flow cytometry. Streptavidin-FITC alone was used as the negative
control. (A–C) The histograms represent the fluorescence intensity of the cells that were positive for
ArtinM binding, as indicated by the red line (M1), and the graph in C shows the mean fluorescence
intensity (MFI) reduction (%) of ArtinM binding to Jurkat T cells in the presence of each lectin;
(D–F) Jurkat T cells (2× 105/mL) were stimulated with ArtinM (4.5–20,000 ng/mL) or PMA (50 ng/mL)
plus ionomycin (1 µM) for 48 h, and the culture supernatants were used to quantify the levels of IL-2,
IFN-γ, and IL-1β by ELISA. The results are expressed as means ± SEM; * p < 0.05 compared to the
negative control (medium alone).

2.6. ArtinM Induces the Apoptosis of Jurkat T Cells

We reported previously that ArtinM exerted a toxic effect on murine spleen cells in a
concentration-dependent manner [24]. Herein, we observed that CD4+ and CD8+ T cells showed
a reduced mitochondrial activity when stimulated with 2.5 µg/mL ArtinM (Figure 2A). Then,
we investigated the mitochondrial activity of Jurkat T cells under stimulation with ArtinM at
different concentrations (0.0045–20 µg/mL). ArtinM treatment resulted in decreased mitochondrial
activity. Reductions in mitochondrial activity of at least 10% were caused by ArtinM concentrations
≥0.078 µg/mL. Decreases of more than 40% were observed at ArtinM concentrations ≥2.5 µg/mL.
The positive controls of PMA plus ionomycin and arsenic trioxide (As2O3) for cell activation and
cell death, respectively, were associated with 39% and 25% reductions of mitochondrial activity
(Figure 6A). To explore this effect of ArtinM on Jurkat T cells, we determined the frequency of cells
that incorporated PI or were Annexin V-stained after 24 and 48 h stimulation with ArtinM. ArtinM
concentrations ≥2.5 µg/mL promoted reductions in the frequency of viable Jurkat T cells (Figure 6B).



Int. J. Mol. Sci. 2017, 18, 1400 8 of 21

In this context, Jurkat T cells that were stimulated for 48 h with ArtinM (1.25–10 µg/mL) showed a
high frequency of staining with Annexin V and PI. The percentage of positive cells for both Annexin V
and PI was identified by flow cytometry, which verified that all concentrations of ArtinM induced the
apoptosis of Jurkat T cells (Figure 6C,D). To evaluate whether ArtinM at concentrations lower than
1.25 µg/mL could affect the growth of Jurkat T cells, we performed a cumulative PDL assay for 18
days, as described in the Materials and Methods. The results indicated that ArtinM did not promote
the growth of Jurkat T cells compared with culture medium alone (Figure 6E–G), and As2O3 was
used as a positive control for growth inhibition. These results demonstrate that ArtinM promotes the
apoptosis of Jurkat T cells.
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Figure 6. The effect of ArtinM on the viability of Jurkat T cells. (A,B) Jurkat T cells (1 × 105/mL) were
distributed in a 96-well microplate and cultured for 48 h under ArtinM stimulation (4.5–20,000 ng/mL).
PMA (50 ng/mL) plus ionomycin (1 µM), and As2O3 (3 µM), were used as positive controls. Medium
alone was used as the negative control. (A) MTT was added to the culture medium to measure
mitochondrial activity, which was expressed as the absorbance relative to that of the negative control as
a percentage value; (B) Determination of the percentages of viable and dead cells through measuring
propidium iodide (PI) uptake by flow cytometry; cell concentrations (cells/mL) were counted using
a Neubauer chamber; (C,D) Jurkat T cells (1 × 105/mL) were stained with Annexin V-FITC and PI
at 24 and 48 h after stimulation with ArtinM (1.25–10 µg/mL) or the positive control, staurosporine
(1 µM). Culture medium alone was used as the negative control. The frequency of double-stained
cells (Annexin V-FITC and PI) was determined by flow cytometry (dot plot; D) and expressed as the
percentage of positive cells (C); (E–G) The population doubling level assay was used to determine the
cumulative cell growth of Jurkat T cells for 18 days in the presence of ArtinM (9–1250 ng/mL), As2O3

(1.5 µM), or medium alone. The cumulative population doubling level was determined every 72 h as
described in the Materials and Methods. Results are expressed as means ± SEM; * p < 0.05 compared
to the negative control (medium alone).
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2.7. ArtinM-Induced Apoptosis of Jurkat T Cells Is Mediated by Caspases

We hypothesized that the continued presence of ArtinM for 24 or 48 h in the Jurkat T cell
cultures could create a bias due to its possible interaction with glycoproteins that are responsible for
triggering apoptosis, such as death receptors. Therefore, following incubation with ArtinM for 3 h,
Jurkat T cells were washed to remove the lectin, cultured for an additional 21 h, and analyzed for
the frequency of Annexin V/PI-stained cells and IL-2 production. We verified that the frequency of
Annexin V/PI-stained cells following ArtinM treatment for 3 h was higher than that in unstimulated
cells, but significantly lower than that in the cells treated with ArtinM for 21 h (Figure 7A). Furthermore,
the IL-2 production by Jurkat T cells that were stimulated with ArtinM for 3 h was similar to that by
unstimulated cells (Figure 7A, inset). These observations indicate that prolonged ArtinM stimulation in
Jurkat T cell cultures promotes cell apoptosis more than a shorter duration of ArtinM stimulation does.
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Figure 7. A mechanism involved in the apoptosis of ArtinM-stimulated Jurkat T cells. Cells
(2 × 105/mL) were distributed in a 96-well microplate and cultured for 24 or 48 h in the presence of
ArtinM (10 or 20 µg/mL) or As2O3 (3 µM). Medium alone was used as negative control. Jurkat T cells
were stained with Annexin V-FITC and PI. The frequency of double-stained cells (Annexin V/PI) or
single-stained cells (Annexin V) was determined by flow cytometry (dot plot; above) and expressed
as the percentage of positive cells. (A) Jurkat T cells were incubated with ArtinM for 3 h. Then, the
cells were washed, or not, to remove the lectin contained in the culture supernatant. Afterwards,
the cells were cultured for additional 21 h and stained with Annexin V-FITC and PI. IL-2 production
was quantified in the cell supernatant by ELISA (B); (C) A broad-spectrum caspase inhibitor (Z-VAD;
75 µM) was added or not to a Jurkat T cells suspension for 3 h, then the cells were stimulated with
ArtinM, As2O3, or medium alone. The results are expressed as means ± SEM; * p < 0.05 compared to
the negative control (medium alone) or between treatment groups.
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To investigate the mechanism of ArtinM-induced death in Jurkat T cells, we studied the role of
caspases using a broad-spectrum caspase inhibitor (Z-VAD). The Jurkat T cells were incubated for 3 h
with or without 75 µM Z-VAD, and cultured for an additional 45 h under ArtinM stimulation. The
ArtinM-induced apoptosis decreased significantly after the inhibition of caspases (Figure 7C). The
effect of As2O3 (positive control) on cell death also decreased when caspases were inhibited (Figure 7C).
Therefore, caspases participate in the Jurkat T cells apoptosis induced by ArtinM.

2.8. Inhibitors of PKC, JNK, p38 MAPK, and ERK Do Not Block the ArtinM-Induced Apoptosis of Jurkat
T Cells

The pharmacological inhibitors of the cell cycle regulation system have been extensively studied
because they appear to be promising antitumor agents [38–40]. The inhibition of mitogen-activated
protein kinases (MAPKs), protein kinase C (PKC), and protein tyrosine kinases (PTKs) has been
evaluated regarding its effect on the cell cycle [40–42]. In this context, we investigated the effect
of ArtinM on the apoptosis of Jurkat T cells in the presence of the following pharmacological
inhibitors: genistein (PTKs inhibitor), PD98059 (ERK inhibitor), SB202190 (p38 MAPK inhibitor),
H-7 (PKC inhibitor), and SP600125 (JNK inhibitor). The Jurkat T cells were incubated with different
concentrations of either inhibitor for 210 min and subsequently incubated with or without ArtinM
(20 µg/mL). After 48 h incubation, the Jurkat T cells were stained with Annexin V/PI and analyzed by
flow cytometry. Among the pharmacological agents, those inhibiting PKC, JNK, p38, and ERK did
not inhibit the apoptosis of Jurkat T cells induced by ArtinM (Figures 8 and S2). Otherwise, under
the effect of the PTKs inhibitor, the ArtinM-induced apoptosis of Jurkat T cells significantly decreased
(Figures 8 and S2).
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Figure 8. Effect of inhibitors against PKC, JNK, p38 MAPK, ERK, and PTKs on the apoptosis of
Jurkat T cells induced by ArtinM. Cells (2 × 105/mL) were distributed in a 96-well microplate and
cultured for 210 min in the presence or absence of the following pharmacological inhibitors at the
indicated concentrations: (A) H-7 (PKC inhibitor); (B) SP600125 (JNK inhibitor); (C) SB202190 (p38
MAPK inhibitor); (D) PD98059 (ERK inhibitor); and (E) genistein (PTKs inhibitor). Then, the cells were
stimulated for 48 h with ArtinM (20 µg/mL), As2O3 (3 µM), or medium alone. Finally, the cells were
analyzed by flow cytometry for Annexin V-FITC binding and PI incorporation. Double-positive cells
for Annexin V/PI were determined following stimulation with ArtinM (gray bar) or medium alone
(black bar) after the treatments with each inhibitor. Dot plots showing the percentage of positive cells
for Annexin V/PI or Annexin V under different experimental conditions are presented in Figure S1.
The results are expressed as means ± SEM; * p < 0.05 compared to the negative control group (dimethyl
sulfoxide vehicle alone) under the same conditions.
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3. Discussion

We demonstrated previously that ArtinM has a lymphoproliferative property toward murine
spleen cells [24] and induces IL-17 production by CD4+ T cells [37]. These findings supported the
present investigation on the effects of ArtinM on different T cell populations. We verified that ArtinM
induces the activation of murine CD4+ and CD8+ T cells in a proinflammatory pattern. Otherwise, the
ArtinM stimulation of Jurkat human leukemic T cells resulted in cell apoptosis. Therefore, our studies
on the effects of ArtinM on adaptive immune cells isolated from different sources demonstrated that
carbohydrate recognition by ArtinM directly influences their behavior.

The glycan-binding property of ArtinM is responsible for its interaction with spleen cells
from C57BL/6 and BALB/c mice [24,37]. Herein, we demonstrated that ArtinM targeted both
purified CD4+ and CD8+ T cells through its CRD. The glycan fine-specificity of ArtinM, which is
a mannose-binding protein from the family of Jacalin-related lectins (JRL), was evaluated previously
by different methods. Initial biochemical studies identified its ability to recognize mannopentose,
mannotriose, and α-methyl-mannosides [43,44]. Then, using surface plasmon resonance analysis,
Barre et al. [45] reported that the ArtinM CRD can accommodate other oligosaccharide. The
crystal structures of ArtinM complexed with Manα1–3[Manα1–6Manα1–3(Manα1–6)]Manβ1–4
and Manα1–3[Manα1–6]Manβ1–4 verified that the ArtinM CRD contains a primary site and a
secondary site for interaction with oligosaccharide [43]. The study on the ArtinM fine-specificity
of glycan recognition was expanded by Nakamura-Tsuruta et al. [46] using frontal affinity
chromatography, which showed that ArtinM binds with good affinity to the N-glycan core structures
Manα1–3[Manα1–6]Manβ1–4 and GlcNAcβ1–2, which are added to the Manα1–6Manβ1–4 branched
N-glycans. In the same study, a similar specificity was verified for a second Man-binding JRL,
which is Morniga M. More recently, in collaboration with the group headed by Dr. Ten Feizi,
we analyzed the glycan fine-specificity of ArtinM using a glycan microarray. This research
confirmed the preference of the ArtinM primary site for probes having the core structure
Manα1–3[Manα1–6]Manβ1–4. It also showed the contribution of the secondary site of ArtinM to
enhancing the affinity of the CRD for probes containing Fucα1–6 or GlcNAcα1–2 associated with
Manα1–3[Manα1–6]Manβ1–4 [47–49]. The core structure Manα1–3[Manα1–6]Manβ1–4 recognized by
ArtinM is also targeted by Morniga M [50,51], which is consistent with the marked correlation between
the glycan-binding specificities and phylogenies of ArtinM and Morniga M [46]. Interestingly, ConA, a
legume lectin that is not phylogenetically close to jacalina-related lectins (JRLs), also recognizes the
same trimannoside. Nevertheless, the glycan fine-specificity of ConA is directed towards high-mannose
and bisected-hybrid-type N-glycans [52], which are not recognized by ArtinM according to the
analysis performed using the glycan microarray (Figure S3). Previous studies on the effects of ConA
and Morniga M on lymphocytes [50,53] showed that the recognition of N-glycans by these lectins
accounts for the T cell responses. Interestingly, O-glycan-binding lectins may also induce responses
in lymphocytes [54,55]. The effect of lectins on adaptive immune cells is usually approached by
analyzing the occurrence of lymphoproliferative responses [56–61], which we previously verified in
ArtinM-stimulated murine spleen cells [24]. Isolated CD4+ and CD8+ T cells also proliferated under
ArtinM stimulation in a concentration-dependent manner. However, at high concentrations of ArtinM,
we observed a suppressive effect, which was also reported to be exerted by high concentrations of
ConA [53]. This toxic effect of ArtinM on murine CD4+ and CD8+ T cells occurred at concentrations
higher than 1.25 µg/mL. These findings suggest that high concentrations of ArtinM might trigger
activation-induced cell death, which was also verified in human T lymphocytes incubated with
Morniga M or ConA [50].

We found that the optimal concentration of ArtinM for inducing cell activation did not promote
the apoptosis of murine CD4+ and CD8+ T cells, but stimulated IL-2 production and high proliferation
rates. These results show that ArtinM acts as an antigen-independent mitogen, a property already
attributed to ConA vis-a-vis its ability to induce the proliferation of CD4+ and CD8+ T cells [62].
Interestingly, ArtinM alone induced the activation of CD4+ and CD8+ T cells, whereas Amaranthus
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leucocarpus lectin was reported to enhance the anti-CD3 antibody-mediated activation of human
peripheral blood CD4+ and CD8+ T cells [55,63]. Beyond cell proliferation, ArtinM also promoted
the expression of CD25, which is an activation-associated molecule, on CD4+ and CD8+ T cells.
Considering that TCR stimulation alone did not induce CD25 expression in naïve CD4+ T cells [64],
we postulate that ArtinM promotes both TCR stimulation and co-stimulation. We previously reported
that the interaction of ArtinM with CD3 accounts for the induction of IL-2 and IL-17 production
by CD4+ T cells [24,37]. In the current work, we further demonstrated that CD3 participates in the
ArtinM-induced activation of CD8+ T cells. In addition to CD25, TCR stimulation upregulates the
expression of CD69 and CD95 [22,64,65], which also occurred in ArtinM-activated CD4+ and CD8+ T
cells. The Fas-associated death domain associated with CD95 allows the elimination of activated T
cells through the CD95/CD95L system [66,67]. However, the ArtinM-stimulated CD4+ and CD8+ T
cells were not stained by Annexin V. Novel roles have recently been attributed to CD95 that involve
functions apart from cell death induction, such as acting as a silencer of the immune response [22].
Thus, CD95 may control the proliferation of CD4+ and CD8+ T cells that is stimulated by ArtinM.

It is well established that, among activated CD4+ and CD8+ T cells, those producing IFN-γ and
IL-2 preferentially survive [68–70]. Interestingly, ArtinM induced CD4+ and CD8+ T cells to produce
IFN-γ and IL-2, which are inflammatory cytokines that are known to contribute to the expansion of
effector CD4+ and CD8+ T cell populations [68,71,72]. Some cytokines play a critical role in inducing
the transcription factors that determine the differentiation of CD4+ T cells [73,74]. The effect of ArtinM
on CD4+ T cells was associated with the overexpression of T-bet, which is a major factor for driving cell
differentiation toward the Th1 axis, whose role in favoring the elimination of intracellular pathogens
is well established [75]. Therefore, the effect of ArtinM on CD4+ and CD8+ T cells may contribute
to modulating immunity and conferring protection against infections by intracellular pathogens,
as previously reported [29,31,32,34–36]. The property of ArtinM described herein is novel, since it
improves our understanding of the interaction between ArtinM and adaptive immune cells, and
provides new mechanisms for the well-established immunomodulatory activity of ArtinM.

After elucidating the effects of ArtinM on murine CD4+ and CD8+ T cells, we became interested
in evaluating its activities towards a T leukemia cell line. For that purpose, we used the Jurkat T
leukemia cell line, which was cultured according to the protocol recommended by the ATCC cell
biology collection. In cancer cells, changes in the glycocalyx include branching deviations of N-glycans,
constituting alterations that impair the interaction of the cells with several lectins [76]. Consequently,
we were aware that the effects of ArtinM on Jurkat T cells could differ from those exerted on murine
CD4+ and CD8+ T cells. In this context, Morniga M, a mannose-specific lectin, had been described
as activating T cells, but exerting toxic effects on Jurkat T cells [50]. Herein, we verified that ArtinM
binds on the surface of Jurkat T cells through carbohydrate recognition and competes with ConA
and Morniga M for the same N-glycans. Jurkat T cells were also stimulated to produce cytokines
under ArtinM stimulation, although the required concentration to induce IL-2 production was 16-fold
higher than that necessary to trigger a similar response in murine T cells. In addition, the cytokine
production by ArtinM-stimulated Jurkat T cells was not accompanied by cell growth, as demonstrated
by the reduced frequency of viable cells after stimulation, which occurred in a dose-dependent manner.
A better understanding of the growth of Jurkat T cells under stimulation with ArtinM at different
concentrations (0.009–1.25 µg/mL) was obtained by performing the PDL assay for 18 days. The results
demonstrated the cumulative growth-inhibitory effect of ArtinM on Jurkat T cells. Therefore, the
mitogenic activity of ArtinM on murine CD4+ and CD8+ T cells was not reproduced in the Jurkat T
cell line.

The glycocalyx O-glycans and/or N-glycans regulate the death of Jurkat T cells induced by
lectins having distinct glycan-binding specificities, which can trigger apoptosis via caspase-dependent
and/or -independent pathways [50,77–83]. We verified that ArtinM promotes the apoptosis of Jurkat
T cells, as demonstrated by Annexin V staining and altered cell cycle progression. The mitochondrial
apoptotic pathway may be responsible for the growth-inhibitory effect of ArtinM on Jurkat T cells,
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since mitochondrial activity decreased following ArtinM stimulation. In addition, the pretreatment of
Jurkat T cells with Z-VAD decreased the ArtinM-induced apoptosis, indicating that ArtinM-induced
apoptosis involves a caspase-dependent pathway.

The signaling pathways that regulate the cell cycle are known to depend on protein kinases
(MAPKs, PKC, and PTKs) to maintain the growth of Jurkat T cells [40,42,84]. Thus, the inhibition
of these signaling molecules may alter the apoptotic response of Jurkat T cells. We verified that
PKC, JNK, ERK, and p38 MAPK inhibitors did not alter the apoptotic effect of ArtinM on Jurkat
T cells, while the PTKs inhibitor reduced the apoptosis of Jurkat T cells induced by ArtinM. Based
on the findings that ArtinM exerts a cytotoxic effect on the Jurkat human leukemic T cell line and
also mediates the cell death of a human myeloid leukemia cell line (NB4) [47], we postulate that
ArtinM may warrant consideration as a potential candidate for the design of a novel anti-cancer
therapy. This hypothesis stimulates us to deeply investigate the ArtinM effects in several cancer
cell lines, under variable experimental conditions, as well as by using in vivo models of neoplastic
diseases. Indeed, this approach was recently adopted to investigate the ArtinM effect on the process of
hepatocarcinogenesis [85].

Our work shows that ArtinM has a mitogenic effect on murine CD4+ and CD8+ T cells, and
these lectin-stimulated cells showed an immunological profile compatible with that required to confer
protection against intracellular pathogens. Otherwise, the effect of ArtinM on a human leukemic T cell
line was prominently cytotoxic. Therefore, the present study demonstrates a novel manner by which
ArtinM may exert its immunomodulatory activity, i.e., by interacting with glycotargets on CD4+ and
CD8+ T cells. In addition, this work provides new perspectives regarding the cytotoxic effect exerted
by ArtinM on human leukemia cells.

4. Materials and Methods

4.1. Ethics Statement

The Committee of Ethics in Animal Research of the College of Medicine of Ribeirão Preto at the
University of São Paulo approved the animal studies, Protocol no. 082/2012 (30/07/2012), which
were conducted in accordance with the Ethical Principles in Animal Research adopted by the Brazilian
College of Animal Experimentation.

4.2. Animals

Male C57BL/6 mice at 6–8 weeks of age were used in this study. These mice were acquired
from the animal house of the Campus of Ribeirão Preto, University of São Paulo, Ribeirão Preto,
São Paulo, Brazil. Animals were housed in the animal facility of the Molecular and Cellular Biology
Department of the Faculty of Medicine of Ribeirão Preto, University of São Paulo, under optimized
hygienic conditions.

4.3. Lectins

ArtinM was purified as previously described [25] from the saline extract of Artocarpus heterophyllus
(jackfruit) seeds via affinity chromatography on sugar columns. Concanavalin A (ConA) from
Canavalia ensiformis was purchased from Sigma-Aldrich (St. Louis, MO, USA). Morniga M from
black mulberry (Morus nigra) bark was kindly provided by Els J. M. Van Damme (Department of
Molecular Biotechnology, Laboratory of Biochemistry and Glycobiology, Ghent University, Ghent,
Belgium). Before use, preparations of lectins were incubated for 30 min at 37 ◦C with polymyxin B
solution (50 µg/mL) (Sigma-Aldrich) to neutralize any contamination with endotoxin.



Int. J. Mol. Sci. 2017, 18, 1400 14 of 21

4.4. Cell Suspensions

The suspensions of spleen cells obtained from mice were prepared as reported by da Silva et al. [24].
The obtained cell suspensions were used to isolate CD4+ and CD8+ T cells using the Isolation Kit II
from Miltenyi Biotec (Auburn, CA, USA), according to the manufacturer’s instructions. The negatively
selected cells were stained with anti-CD3 phycoerythrin (PE) and anti-CD4 fluorescein isothiocyanate
(FITC) or anti-CD8 FITC antibodies (BD Biosciences, San Jose, CA, USA) and analyzed by flow
cytometry (Guava® easyCyte, Millipore, Billerica, MA, USA). Purity grades of 94–96% were achieved.

The Jurkat E6.1 human acute leukemia T cell line was routinely grown in advanced Roswell Park
Memorial Institute 1640 medium (Gibco®, Life Technologies, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 2500 mg/L glucose, 10 mM HEPES, and antibiotics in
a humidified 5% CO2 atmosphere at 37 ◦C. Cell pellets were obtained by centrifugation at 300× g
for 7 min at 4 ◦C. The cell concentration was maintained as recommended by the ATCC cell biology
collection, a protocol that was successful adopted by several authors [50,77,80,82].

4.5. ArtinM Binding on T Cell Surface

Suspensions of CD4+, CD8+, and Jurkat T cells were fixed in 3% formaldehyde in
phosphate-buffered saline (PBS) for 30 min at room temperature and then incubated with 1% glycine
in PBS for 20 min. After two washes with PBS, the cells (2× 106/mL) were incubated with biotinylated
ArtinM (concentrations specified in the figure legends) that had been pre-incubated for 40 min with
either mannotriose (2 mM), lactose (20 mM), or medium alone. After further washes with PBS, the
amount of biotinylated ArtinM bound on the surface of the cells was quantified via reaction with
streptavidin-FITC (5 µg/mL; Life Technologies) for 40 min. Fluorescence staining was analyzed by
flow cytometry (Guava® easyCyte) and the percentage of stained cells was determined by the mean
fluorescence intensity (MFI).

In the case of Jurkat T cells, they were incubated with biotinylated ArtinM in the presence of
lectins with different carbohydrate-binding specificities (Concanavalin A [ConA], Phytohemagglutinin
[PHA]-E, PHA-L, Sambucus nigra lectin [SNA], Ulex europaeus agglutinin [UEA], Morniga M, and
Jacalin; each at 40 µg/mL). The amount of bound biotinylated ArtinM on the surface of the cells was
detected by flow cytometry.

4.6. Cytokines Measurement and 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

CD4+ (1.5 × 106/mL), CD8+ (1.5 × 106/mL), and Jurkat (2 × 105/mL) T cells were cultured
for 24 or 48 h under stimulation with ArtinM (concentrations specified in the figure legends), ConA
(5 µg/mL), phorbol 12-myristate 13-acetate (PMA, 50 ng/mL; Sigma-Aldrich) plus ionomycin (1 µM;
Sigma-Aldrich), or As2O3 (3 µM; Sigma-Aldrich). The cells were centrifuged at 300× g for 10 min at
room temperature and the supernatants were harvested to determine the concentrations of IL-2, IFN-γ,
and IL-1β via enzyme-linked immunosorbent assays (ELISAs) (OptEIA™; BD Biosciences), according
to the manufacturer’s instructions.

The mitochondrial activity of the cells was determined after the reduction of MTT (Sigma-Aldrich)
to produce formazan crystals [86]. The procedures were performed as described by da Silva et al. [24].
Mitochondrial activity was expressed as the absorbance relative to that of the negative control as a
percentage value.

4.7. Cell Proliferation Assay

CD4+ and CD8+ T cells (1.5 × 106/mL) were distributed in 96-well microplates and incubated for
48 h at 37 ◦C with ArtinM (1.25 µg/mL), ConA (5 µg/mL), or medium alone. The cells were treated
with tritiated thymidine ([3H]-TdR; Amersham Bioscience, Boston, MA, USA) at 0.5 µCi/well. Cell
proliferation was assessed by measuring [3H]-TdR incorporation and the results were expressed in
counts per minute (CPM).
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4.8. Flow Cytometry Analysis

To assess the expression of CD25, CD95, and CD69 on CD4+ and CD8+ T cells, the cells
(1.5 × 106/mL) were stimulated for 24 or 48 h at 37 ◦C with ArtinM (1.25 µg/mL) or PMA (50 ng/mL)
plus ionomycin (1 µM), then washed and incubated with Fc block (10 µg/mL) for 30 min. Afterwards,
the cells were washed again and incubated for 45 min with anti-CD25 PE (10 µg/mL, clone 3C7; BD
Biosciences), anti-CD95 FITC (10 µg/mL, clone Jo2; BD Biosciences), or anti-CD69 FITC (10 µg/mL,
clone H1.2F3; BD Biosciences). The cells were then washed with PBS and resuspended in PBS
containing 0.5% formaldehyde. The frequency of fluorescent cells was analyzed by flow cytometry
(Guava® easyCyte).

The frequency of dead cells was assessed by analyzing the Annexin V binding and propidium
iodide (PI) incorporation by CD4+, CD8+, and Jurkat T cells. They were incubated with ArtinM
(concentrations specified in the figure legends), staurosporine (1 µM), As2O3 (3 µM), or medium alone
and then stained with Annexin V-FITC (for 40 min) and PI (for an additional 5 min). The fluorescence
emission due to the reaction of cells with Annexin V and PI was quantified using a Guava® easyCyte
flow cytometer.

4.9. Quantitative Reverse Transcription Polymerase Chain Reaction for the Detection of Tbet and Gata3
Transcripts in CD4+ T Cells

CD4+ T cells (1.5 × 106 cells/mL) from C57BL/6 mice were distributed in 48-well microplates
and incubated at 37 ◦C. After 8 h incubation under stimulation with ArtinM (1.25 µg/mL), IL-4
(50 ng/mL; PeproTech, Rock Hill, NJ, USA), or IL-12 (50 ng/mL; PeproTech) plus IFN-γ (30 ng/mL;
PeproTech), total RNA was isolated from CD4+ T cells using TRIzol® Reagent (Life Technologies),
according to the manufacturer’s instructions. The reverse transcription of RNA into cDNA was
performed as reported by da Silva et al. [37]. qRT-PCR was performed in 15 µL reactions using SYBR
Green (Applied Biosystems/Life Technologies, Carlsbad, CA, USA). qRT-PCR was performed with the
7500 Real-Time PCR System (Applied Biosystems) using the following conditions: 50 ◦C for 2 min,
95 ◦C for 10 min, and 40 cycles of 95◦C for 15 s/60 ◦C for 1 min. Gene expression was quantified
using the ∆∆Ct method and normalized to Gapdh and β-actin (Actb) expression. The specificity of
the amplification was determined by the melting curves analysis. Polymerase chain reaction primers
utilized were: Actb (F: 5′-AGCTGCGTTTTACACCCTTT-3′/R: 5′-AAGCCATGCCAATGTTGTCT-3′);
Gapdh (F: 5′-TGCCCCCATGTTTGTGATG-3′/R: 5′-TGTGGTCATGAGCCCTTCC-3′); Tbet (F: 5′-CA
CTAAGCAAGGACGGCGAA-3′/R: 5′-CCACCAAGACCACATCCAC-3′); and Gata3 (F: 5′-AAG
AAAGGCATGAAGGACGC-3′/R: 5′-GTGTGCCCATTTGGACATCA-3′).

4.10. Assays for Functional and Binding Competition between Anti-CD3 Antibody and ArtinM

The purified CD8+ and CD4+ T cells (1 × 106/mL) were fixed and incubated with or without
ArtinM (25 µg/mL) for 40 min at 4 ◦C. Afterwards, the cells were incubated with 145-2C11 monoclonal
antibody (conjugated to PE) or 17A2 monoclonal antibody (conjugated to FITC) (both 10 µg/mL; BD
Biosciences), which specifically bind to the CD3ε and CD3εγ chains, respectively. After incubation
with anti-CD3 antibody for 40 min at 4 ◦C, the cells were washed with PBS and the percentage of cells
labeled with anti-CD3 antibody was determined using flow cytometry (Guava® EasyCyte). Cells that
were not stained with anti-CD3 antibody were incubated with IgG isotype control antibodies (FITC or
PE) to use as controls.

The functional competition assay was performed using isolated CD8+ T cells (1.5 × 106/mL),
which were incubated with 17A2 monoclonal antibody against CD3 (8 µg/mL; eBioscience, San Diego,
CA, USA) or IgG isotype control (A19-3, 8 µg/mL; BD Biosciences) for 40 min at 4 ◦C. Afterwards, the
cells were cultured in 96-well microplates for 48 h at 37 ◦C under stimulation with ArtinM (1.25 µg/mL),
PMA (50 ng/mL) plus ionomycin (1 µM), or medium alone. The culture supernatants were used for
the measurement of IL-2 by ELISA.
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4.11. Population Doubling Level (PDL) Assay

Jurkat T cells (1 × 105 cells/mL) were distributed in 96-well microplates and incubated at 37 ◦C
for 72 h in the presence of ArtinM (0.009–1.25 µg/mL), As2O3 (1.5 µM) as a positive control, or medium
alone as the negative control. The cell suspension was adjusted to a concentration of 1 × 105 cells/mL,
distributed in 96-well microplates and stimulated for 72 h as specified above, then the cells were
incubated for 18 days. To determine the cumulative PDL for each condition, the following equation
was used: 2 × [log(Cf/Ci)] + PDLp. The PDL was calculated every 72 h by considering the following
parameters: final cell concentration (Cf); initial cell concentration (1 × 105 cells/mL; Ci); and previous
PDL (PDLp).

4.12. Caspase Inhibition

Jurkat T cells (2 × 105/mL) were incubated with a broad-spectrum caspase inhibitor (Z-VAD,
75 µM; purchased from Sigma-Aldrich) for 3 h. Subsequently, the cells were stimulated for 24 h with
ArtinM (10 or 20 µg/mL), As2O3 (3 µM), or medium alone, and then reacted with Annexin V-FITC
and PI. The frequencies of Annexin V/PI double-stained cells and Annexin V single-stained cells were
analyzed by flow cytometry.

4.13. Treatment of Jurkat T Cells with Inhibitors of Cell Signaling Molecules

Jurkat T cells (2× 105/mL) were distributed in 96-well microplates and treated with the following
pharmacological inhibitors at concentrations between 5–40 µM: Genistein (PTKs inhibitor), PD98059
(ERK inhibitor), SB202190 (p38 MAPK inhibitor), H-7 (PKC inhibitor), and SP600125 (JNK inhibitor)
were purchased from Sigma-Aldrich. After 210 min incubation, the Jurkat T cells were stimulated
for 48 h with ArtinM (20 µg/mL), As2O3 (3 µM), or medium alone. Then, the Jurkat T cells were
analyzed by flow cytometry to determine Annexin V-FITC binding and PI incorporation. The results
were expressed as the frequency of Annexin V/PI- or Annexin V-stained cells as a percentage value.

4.14. Statistical Analysis

The results are presented as means ± standard error of the mean and all data were analyzed
using Prism (GraphPad Software, La Jolla, CA, USA). Statistical evaluation of the differences among
group means was performed using one-way analysis of variance followed by Bonferroni’s multiple
comparison test, and nonparametric test the comparisons between groups were performed using
Dunn’s multiple comparison test. Differences of p < 0.05 were considered statistically significant.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/7/1400/s1.

Acknowledgments: We thank Sandra Maria de Oliveira Thomaz and Érica Vendruscolo for technical support,
and Domingos Soares de Souza Filho, Adriana Sestari, Julio Anselmo Siqueira, and Dener Salviano dos Reis for
expert animal care. This research was financially supported by Fundação de Amparo a Pesquisa do Estado de São
Paulo (grant numbers 2006/60642-2, 2012/09611-0, 2013/04088-0, 2014/16003-1, 2016/23112-7, 2016/10446-4, and
2016/04877-2), Conselho Nacional de Desenvolvimento Científico e Tecnológico (475357/2013-2), Financiadora de
Estudos e Projetos (0110045900), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior and Fundação
de Apoio ao Ensino, Pesquisa e Assistência do Hospital das Clínicas da Faculdade de Medicina de Ribeirão Preto.

Author Contributions: Thiago Aparecido da Silva and Maria Cristina Roque-Barreira designed the study.
Thiago Aparecido da Silva, Patrícia Kellen Martins Oliveira-Brito, Thiago Eleutério Gonçalves, Patrícia Edivânia
Vendruscolo and Maria Cristina Roque-Barreira planned experiments and analyzed data. Thiago Aparecido da
Silva, Patrícia Kellen Martins Oliveira-Brito, Thiago Eleutério Gonçalves, Patrícia Edivânia Vendruscolo and Maria
Cristina Roque-Barreira performed the experiments. Thiago Aparecido da Silva and Maria Cristina Roque-Barreira
wrote the manuscript. Maria Cristina Roque-Barreira supervised the study.

Conflicts of Interest: The authors declare no conflict of interest.

www.mdpi.com/1422-0067/18/7/1400/s1


Int. J. Mol. Sci. 2017, 18, 1400 17 of 21

References

1. Van Kooyk, Y.; Kalay, H.; Garcia-Vallejo, J.J. Analytical tools for the study of cellular glycosylation in the
immune system. Front. Immunol. 2013, 4, 451. [CrossRef] [PubMed]

2. Van Kooyk, Y.; Rabinovich, G.A. Protein-glycan interactions in the control of innate and adaptive immune
responses. Nat. Immunol. 2008, 9, 593–601. [CrossRef] [PubMed]

3. Peaper, D.R.; Cresswell, P. Regulation of MHC class I assembly and peptide binding. Annu. Rev. Cell Dev. Biol.
2008, 24, 343–368. [CrossRef] [PubMed]

4. Sperandio, M.; Gleissner, C.A.; Ley, K. Glycosylation in immune cell trafficking. Immunol. Rev. 2009, 230,
97–113. [CrossRef] [PubMed]

5. Crocker, P.R.; Paulson, J.C.; Varki, A. Siglecs and their roles in the immune system. Nat. Rev. Immunol. 2007,
7, 255–266. [CrossRef] [PubMed]

6. Arnold, J.N.; Wormald, M.R.; Sim, R.B.; Rudd, P.M.; Dwek, R.A. The impact of glycosylation on the biological
function and structure of human immunoglobulins. Annu. Rev. Immunol. 2007, 25, 21–50. [CrossRef]
[PubMed]

7. Osorio, F.; Reis e Sousa, C. Myeloid c-type lectin receptors in pathogen recognition and host defense.
Immunity 2011, 34, 651–664. [CrossRef] [PubMed]

8. Rudd, P.M.; Elliott, T.; Cresswell, P.; Wilson, I.A.; Dwek, R.A. Glycosylation and the immune system. Science
2001, 291, 2370–2376. [CrossRef] [PubMed]

9. Peumans, W.J.; Van Damme, E.J. Lectins as plant defense proteins. Plant Physiol. 1995, 109, 347–352.
[CrossRef] [PubMed]

10. Sharon, N.; Lis, H. History of lectins: From hemagglutinins to biological recognition molecules. Glycobiology
2004, 14, 53R–62R. [CrossRef] [PubMed]

11. Nabi, I.R.; Shankar, J.; Dennis, J.W. The galectin lattice at a glance. J. Cell Sci. 2015, 128, 2213–2219. [CrossRef]
[PubMed]

12. Hsu, D.K.; Chen, H.Y.; Liu, F.T. Galectin-3 regulates T-cell functions. Immunol. Rev. 2009, 230, 114–127.
[CrossRef] [PubMed]

13. Nakayamada, S.; Takahashi, H.; Kanno, Y.; O’Shea, J.J. Helper T cell diversity and plasticity.
Curr. Opin. Immunol. 2012, 24, 297–302. [CrossRef] [PubMed]

14. Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of effector CD4 T cell populations. Annu. Rev. Immunol. 2010,
28, 445–489. [CrossRef] [PubMed]

15. Shrikant, P.A.; Rao, R.; Li, Q.; Kesterson, J.; Eppolito, C.; Mischo, A.; Singhal, P. Regulating functional cell
fates in CD8 T cells. Immunol. Res. 2010, 46, 12–22. [CrossRef] [PubMed]

16. Wang, J.C.; Livingstone, A.M. Cutting edge: CD4+ T cell help can be essential for primary CD8+ T cell
responses in vivo. J. Immunol. 2003, 171, 6339–6343. [CrossRef] [PubMed]

17. Shedlock, D.J.; Shen, H. Requirement for CD4 T cell help in generating functional CD8 T cell memory. Science
2003, 300, 337–339. [CrossRef] [PubMed]

18. Cote-Sierra, J.; Foucras, G.; Guo, L.; Chiodetti, L.; Young, H.A.; Hu-Li, J.; Zhu, J.; Paul, W.E. Interleukin 2
plays a central role in Th2 differentiation. Proc. Natl. Acad. Sci. USA 2004, 101, 3880–3885. [CrossRef]
[PubMed]

19. Balkhi, M.Y.; Ma, Q.; Ahmad, S.; Junghans, R.P. T cell exhaustion and interleukin 2 downregulation. Cytokine
2015, 71, 339–347. [CrossRef] [PubMed]

20. Zhu, J.; Paul, W.E. Heterogeneity and plasticity of T helper cells. Cell Res. 2010, 20, 4–12. [CrossRef] [PubMed]
21. Mittrucker, H.W.; Visekruna, A.; Huber, M. Heterogeneity in the differentiation and function of CD8+ T cells.

Arch. Immunol. Ther. Exp. 2014, 62, 449–458. [CrossRef] [PubMed]
22. Strauss, G.; Lindquist, J.A.; Arhel, N.; Felder, E.; Karl, S.; Haas, T.L.; Fulda, S.; Walczak, H.; Kirchhoff, F.;

Debatin, K.M. CD95 co-stimulation blocks activation of naive T cells by inhibiting T cell receptor signaling.
J. Exp. Med. 2009, 206, 1379–1393. [CrossRef] [PubMed]

23. Roose, J.P.; Diehn, M.; Tomlinson, M.G.; Lin, J.; Alizadeh, A.A.; Botstein, D.; Brown, P.O.; Weiss, A. T cell
receptor-independent basal signaling via Erk and Abl kinases suppresses RAG gene expression. PLoS Biol.
2003, 1, E53. [CrossRef] [PubMed]

24. Silva, T.A.; Souza, M.A.; Cecilio, N.T.; Roque-Barreira, M.C. Activation of spleen cells by ArtinM may account
for its immunomodulatory properties. Cell Tissue Res. 2014, 357, 719–730. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fimmu.2013.00451
http://www.ncbi.nlm.nih.gov/pubmed/24376449
http://dx.doi.org/10.1038/ni.f.203
http://www.ncbi.nlm.nih.gov/pubmed/18490910
http://dx.doi.org/10.1146/annurev.cellbio.24.110707.175347
http://www.ncbi.nlm.nih.gov/pubmed/18729726
http://dx.doi.org/10.1111/j.1600-065X.2009.00795.x
http://www.ncbi.nlm.nih.gov/pubmed/19594631
http://dx.doi.org/10.1038/nri2056
http://www.ncbi.nlm.nih.gov/pubmed/17380156
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141702
http://www.ncbi.nlm.nih.gov/pubmed/17029568
http://dx.doi.org/10.1016/j.immuni.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21616435
http://dx.doi.org/10.1126/science.291.5512.2370
http://www.ncbi.nlm.nih.gov/pubmed/11269318
http://dx.doi.org/10.1104/pp.109.2.347
http://www.ncbi.nlm.nih.gov/pubmed/7480335
http://dx.doi.org/10.1093/glycob/cwh122
http://www.ncbi.nlm.nih.gov/pubmed/15229195
http://dx.doi.org/10.1242/jcs.151159
http://www.ncbi.nlm.nih.gov/pubmed/26092931
http://dx.doi.org/10.1111/j.1600-065X.2009.00798.x
http://www.ncbi.nlm.nih.gov/pubmed/19594632
http://dx.doi.org/10.1016/j.coi.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22341735
http://dx.doi.org/10.1146/annurev-immunol-030409-101212
http://www.ncbi.nlm.nih.gov/pubmed/20192806
http://dx.doi.org/10.1007/s12026-009-8130-9
http://www.ncbi.nlm.nih.gov/pubmed/19859830
http://dx.doi.org/10.4049/jimmunol.171.12.6339
http://www.ncbi.nlm.nih.gov/pubmed/14662830
http://dx.doi.org/10.1126/science.1082305
http://www.ncbi.nlm.nih.gov/pubmed/12690201
http://dx.doi.org/10.1073/pnas.0400339101
http://www.ncbi.nlm.nih.gov/pubmed/15004274
http://dx.doi.org/10.1016/j.cyto.2014.11.024
http://www.ncbi.nlm.nih.gov/pubmed/25516298
http://dx.doi.org/10.1038/cr.2009.138
http://www.ncbi.nlm.nih.gov/pubmed/20010916
http://dx.doi.org/10.1007/s00005-014-0293-y
http://www.ncbi.nlm.nih.gov/pubmed/24879097
http://dx.doi.org/10.1084/jem.20082363
http://www.ncbi.nlm.nih.gov/pubmed/19487421
http://dx.doi.org/10.1371/journal.pbio.0000053
http://www.ncbi.nlm.nih.gov/pubmed/14624253
http://dx.doi.org/10.1007/s00441-014-1879-8
http://www.ncbi.nlm.nih.gov/pubmed/24842046


Int. J. Mol. Sci. 2017, 18, 1400 18 of 21

25. Santos-de-Oliveira, R.; Dias-Baruffi, M.; Thomaz, S.M.; Beltramini, L.M.; Roque-Barreira, M.C. A neutrophil
migration-inducing lectin from artocarpus integrifolia. J. Immunol. 1994, 153, 1798–1807. [PubMed]

26. Ricci-Azevedo, R.; Oliveira, A.F.; Conrado, M.C.; Carvalho, F.C.; Roque-Barreira, M.C. Neutrophils contribute
to the protection conferred by ArtinM against intracellular pathogens: A study on leishmania major.
PLoS Negl. Trop. Dis. 2016, 10, e0004609. [CrossRef] [PubMed]

27. Ganiko, L.; Martins, A.R.; Espreafico, E.M.; Roque-Barreira, M.C. Neutrophil haptotaxis induced by the
lectin KM+. Glycoconj. J. 1998, 15, 527–530. [CrossRef] [PubMed]

28. Pereira-da-Silva, G.; Moreno, A.N.; Marques, F.; Oliver, C.; Jamur, M.C.; Panunto-Castelo, A.;
Roque-Barreira, M.C. Neutrophil activation induced by the lectin KM+ involves binding to CXCR2.
Biochim. Biophys. Acta 2006, 1760, 86–94. [CrossRef] [PubMed]

29. Coltri, K.C.; Oliveira, L.L.; Pinzan, C.F.; Vendruscolo, P.E.; Martinez, R.; Goldman, M.H.; Panunto-Castelo, A.;
Roque-Barreira, M.C. Therapeutic administration of KM+ lectin protects mice against paracoccidioides
brasiliensis infection via interleukin-12 production in a toll-like receptor 2-dependent mechanism.
Am. J. Pathol. 2008, 173, 423–432. [CrossRef] [PubMed]

30. Moreno, A.N.; Jamur, M.C.; Oliver, C.; Roque-Barreira, M.C. Mast cell degranulation induced by lectins:
Effect on neutrophil recruitment. Int. Arch. Allergy Immunol. 2003, 132, 221–230. [CrossRef] [PubMed]

31. Panunto-Castelo, A.; Souza, M.A.; Roque-Barreira, M.C.; Silva, J.S. KM+, a lectin from artocarpus integrifolia,
induces IL-12 p40 production by macrophages and switches from type 2 to type 1 cell-mediated immunity
against leishmania major antigens, resulting in BALB/c mice resistance to infection. Glycobiology 2001, 11,
1035–1042. [CrossRef] [PubMed]

32. Teixeira, C.R.; Cavassani, K.A.; Gomes, R.B.; Teixeira, M.J.; Roque-Barreira, M.C.; Cavada, B.S.; da Silva, J.S.;
Barral, A.; Barral-Netto, M. Potential of KM+ lectin in immunization against leishmania amazonensis
infection. Vaccine 2006, 24, 3001–3008. [CrossRef] [PubMed]

33. Mariano, V.S.; Zorzetto-Fernandes, A.L.; da Silva, T.A.; Ruas, L.P.; Nohara, L.L.; Almeida, I.C.;
Roque-Barreira, M.C. Recognition of TLR2 N-glycans: Critical role in ArtinM immunomodulatory activity.
PLoS ONE 2014, 9, e98512. [CrossRef] [PubMed]

34. Cardoso, M.R.; Mota, C.M.; Ribeiro, D.P.; Santiago, F.M.; Carvalho, J.V.; Araujo, E.C.; Silva, N.M.; Mineo, T.W.;
Roque-Barreira, M.C.; Mineo, J.R.; et al. Artinm, a D-mannose-binding lectin from artocarpus integrifolia,
plays a potent adjuvant and immunostimulatory role in immunization against neospora caninum. Vaccine
2011, 29, 9183–9193. [CrossRef] [PubMed]

35. Coltri, K.C.; Oliveira, L.L.; Ruas, L.P.; Vendruscolo, P.E.; Goldman, M.H.; Panunto-Castelo, A.;
Roque-Barreira, M.C. Protection against paracoccidioides brasiliensis infection conferred by the prophylactic
administration of native and recombinant ArtinM. Med. Mycol. 2010, 48, 792–799. [CrossRef] [PubMed]

36. Custodio, L.A.; Loyola, W.; Conchon-Costa, I.; da Silva Quirino, G.F.; Felipe, I. Protective effect of Artin M
from extract of artocarpus integrifolia seeds by Th1 and Th17 immune response on the course of infection by
Candida albicans. Int. Immunopharmacol. 2011, 11, 1510–1515. [CrossRef] [PubMed]

37. Da Silva, T.A.; Mariano, V.S.; Sardinha-Silva, A.; de Souza, M.A.; Mineo, T.W.; Roque-Barreira, M.C. IL-17
induction by ArtinM is due to stimulation of IL-23 and IL-1 release and/or interaction with CD3 in CD4+ T
cells. PLoS ONE 2016, 11, e0149721. [CrossRef] [PubMed]

38. Gururajan, M.; Chui, R.; Karuppannan, A.K.; Ke, J.; Jennings, C.D.; Bondada, S. C-jun N-terminal kinase
(JNK) is required for survival and proliferation of B-lymphoma cells. Blood 2005, 106, 1382–1391. [CrossRef]
[PubMed]

39. Mingo-Sion, A.M.; Marietta, P.M.; Koller, E.; Wolf, D.M.; van Den Berg, C.L. Inhibition of JNK reduces G2/M
transit independent of p53, leading to endoreduplication, decreased proliferation, and apoptosis in breast
cancer cells. Oncogene 2004, 23, 596–604. [CrossRef] [PubMed]

40. Jang, W.Y.; Lee, J.Y.; Lee, S.T.; Jun do, Y.; Kim, Y.H. Inhibition of JNK2 and JNK3 by JNK inhibitor IX induces
prometaphase arrest-dependent apoptotic cell death in human Jurkat T cells. Biochem. Biophys. Res. Commun.
2014, 452, 845–851. [CrossRef] [PubMed]

41. Fernandez, C.; Ramos, A.M.; Sancho, P.; Amran, D.; de Blas, E.; Aller, P. 12-O-tetradecanoylphorbol-13-acetate
may both potentiate and decrease the generation of apoptosis by the antileukemic agent arsenic trioxide in
human promonocytic cells. Regulation by extracellular signal-regulated protein kinases and glutathione.
J. Biol. Chem. 2004, 279, 3877–3884. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/8046246
http://dx.doi.org/10.1371/journal.pntd.0004609
http://www.ncbi.nlm.nih.gov/pubmed/27058234
http://dx.doi.org/10.1023/A:1006999323098
http://www.ncbi.nlm.nih.gov/pubmed/9881756
http://dx.doi.org/10.1016/j.bbagen.2005.09.011
http://www.ncbi.nlm.nih.gov/pubmed/16260092
http://dx.doi.org/10.2353/ajpath.2008.080126
http://www.ncbi.nlm.nih.gov/pubmed/18599609
http://dx.doi.org/10.1159/000074303
http://www.ncbi.nlm.nih.gov/pubmed/14646383
http://dx.doi.org/10.1093/glycob/11.12.1035
http://www.ncbi.nlm.nih.gov/pubmed/11805076
http://dx.doi.org/10.1016/j.vaccine.2005.11.067
http://www.ncbi.nlm.nih.gov/pubmed/16455170
http://dx.doi.org/10.1371/journal.pone.0098512
http://www.ncbi.nlm.nih.gov/pubmed/24892697
http://dx.doi.org/10.1016/j.vaccine.2011.09.136
http://www.ncbi.nlm.nih.gov/pubmed/22001880
http://dx.doi.org/10.3109/13693780903501671
http://www.ncbi.nlm.nih.gov/pubmed/20392144
http://dx.doi.org/10.1016/j.intimp.2011.05.005
http://www.ncbi.nlm.nih.gov/pubmed/21609786
http://dx.doi.org/10.1371/journal.pone.0149721
http://www.ncbi.nlm.nih.gov/pubmed/26901413
http://dx.doi.org/10.1182/blood-2004-10-3819
http://www.ncbi.nlm.nih.gov/pubmed/15890690
http://dx.doi.org/10.1038/sj.onc.1207147
http://www.ncbi.nlm.nih.gov/pubmed/14724588
http://dx.doi.org/10.1016/j.bbrc.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25218503
http://dx.doi.org/10.1074/jbc.M310665200
http://www.ncbi.nlm.nih.gov/pubmed/14610070


Int. J. Mol. Sci. 2017, 18, 1400 19 of 21

42. Sanchez, Y.; Amran, D.; Fernandez, C.; de Blas, E.; Aller, P. Genistein selectively potentiates arsenic
trioxide-induced apoptosis in human leukemia cells via reactive oxygen species generation and activation of
reactive oxygen species-inducible protein kinases (p38-MAPK, AMPK). Int. J. Cancer 2008, 123, 1205–1214.
[CrossRef] [PubMed]

43. Jeyaprakash, A.A.; Srivastav, A.; Surolia, A.; Vijayan, M. Structural basis for the carbohydrate specificities of
artocarpin: Variation in the length of a loop as a strategy for generating ligand specificity. J. Mol. Biol. 2004,
338, 757–770. [CrossRef] [PubMed]

44. Pratap, J.V.; Jeyaprakash, A.A.; Rani, P.G.; Sekar, K.; Surolia, A.; Vijayan, M. Crystal structures of artocarpin,
a moraceae lectin with mannose specificity, and its complex with methyl-α-D-mannose: Implications to the
generation of carbohydrate specificity. J. Mol. Biol. 2002, 317, 237–247. [CrossRef] [PubMed]

45. Barre, A.; Peumans, W.J.; Rossignol, M.; Borderies, G.; Culerrier, R.; Van Damme, E.J.; Rouge, P. Artocarpin
is a polyspecific jacalin-related lectin with a monosaccharide preference for mannose. Biochimie 2004, 86,
685–691. [CrossRef] [PubMed]

46. Nakamura-Tsuruta, S.; Uchiyama, N.; Peumans, W.J.; Van Damme, E.J.; Totani, K.; Ito, Y.; Hirabayashi, J.
Analysis of the sugar-binding specificity of mannose-binding-type jacalin-related lectins by frontal affinity
chromatography—An approach to functional classification. FEBS J. 2008, 275, 1227–1239. [CrossRef]
[PubMed]

47. Carvalho, F.C.; Soares, S.G.; Tamarozzi, M.B.; Rego, E.M.; Roque-Barreira, M.C. The recognition of N-glycans
by the lectin ArtinM mediates cell death of a human myeloid leukemia cell line. PLoS ONE 2011, 6, e27892.
[CrossRef] [PubMed]

48. Cecilio, N.T.; Carvalho, F.C.; Liu, Y.; Moncrieffe, M.; Buranello, P.A.; Zorzetto-Fernandes, A.L.; Luche, D.D.;
Hanna, E.S.; Soares, S.G.; Feizi, T.; et al. Yeast expressed ArtinM shares structure, carbohydrate recognition,
and biological effects with native ArtinM. Int. J. Biol. Macromol. 2016, 82, 22–30. [CrossRef] [PubMed]

49. Liu, Y.; Cecilio, N.T.; Carvalho, F.C.; Roque-Barreira, M.C.; Feizi, T. Glycan microarray analysis of the
carbohydrate-recognition specificity of native and recombinant forms of the lectin ArtinM. Data Brief 2015, 5,
1035–1047. [CrossRef] [PubMed]

50. Benoist, H.; Culerrier, R.; Poiroux, G.; Segui, B.; Jauneau, A.; Van Damme, E.J.; Peumans, W.J.; Barre, A.;
Rouge, P. Two structurally identical mannose-specific jacalin-related lectins display different effects on
human T lymphocyte activation and cell death. J. Leukoc. Biol. 2009, 86, 103–114. [CrossRef] [PubMed]

51. Houles Astoul, C.; Peumans, W.J.; van Damme, E.J.; Barre, A.; Bourne, Y.; Rouge, P. The size, shape and
specificity of the sugar-binding site of the jacalin-related lectins is profoundly affected by the proteolytic
cleavage of the subunits. Biochem. J. 2002, 367, 817–824. [CrossRef] [PubMed]

52. Bhattacharyya, L.; Ceccarini, C.; Lorenzoni, P.; Brewer, C.F. Concanavalin a interactions with
asparagine-linked glycopeptides. Bivalency of high mannose and bisected hybrid type glycopeptides.
J. Biol. Chem. 1987, 262, 1288–1293. [PubMed]

53. Mukherjee, S.; Ahmed, A.; Nandi, D. CTLA4-CD80/CD86 interactions on primary mouse CD4+ t cells
integrate signal-strength information to modulate activation with concanavalin A. J. Leukoc. Biol. 2005, 78,
144–157. [CrossRef] [PubMed]

54. Baba, M.; Yong Ma, B.; Nonaka, M.; Matsuishi, Y.; Hirano, M.; Nakamura, N.; Kawasaki, N.; Kawasaki, N.;
Kawasaki, T. Glycosylation-dependent interaction of Jacalin with CD45 induces T lymphocyte activation
and Th1/Th2 cytokine secretion. J. Leukoc. Biol. 2007, 81, 1002–1011. [CrossRef] [PubMed]

55. Urrea, F.; Ortiz-Quintero, B.; Sanchez-Garcia, F.J.; Blanco-Favela, F.; Garfias, Y.; Lascurain, R.; Zenteno, E. The
amaranthus leucocarpus lectin enhances the anti-CD3 antibody-mediated activation of human peripheral
blood CD4+ T cells. Tohoku J. Exp. Med. 2010, 221, 271–279. [CrossRef] [PubMed]

56. Chan, Y.S.; Wong, J.H.; Fang, E.F.; Pan, W.; Ng, T.B. Isolation of a glucosamine binding leguminous lectin
with mitogenic activity towards splenocytes and anti-proliferative activity towards tumor cells. PLoS ONE
2012, 7, e38961. [CrossRef] [PubMed]

57. Coriolano, M.C.; de Melo, C.M.; Santos, A.J.; Pereira, V.R.; Coelho, L.C. Rachycentron canadum (cobia) lectin
promoted mitogenic response in mice BALB/c splenocytes. Scand. J. Immunol. 2012, 76, 567–572. [CrossRef]
[PubMed]

58. De Melo, C.M.; Melo, H.; Correia, M.T.; Coelho, L.C.; da Silva, M.B.; Pereira, V.R. Mitogenic response and
cytokine production induced by Cramoll 1,4 lectin in splenocytes of inoculated mice. Scand. J. Immunol. 2011,
73, 112–121. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ijc.23639
http://www.ncbi.nlm.nih.gov/pubmed/18546268
http://dx.doi.org/10.1016/j.jmb.2004.03.040
http://www.ncbi.nlm.nih.gov/pubmed/15099743
http://dx.doi.org/10.1006/jmbi.2001.5432
http://www.ncbi.nlm.nih.gov/pubmed/11902840
http://dx.doi.org/10.1016/j.biochi.2004.09.001
http://www.ncbi.nlm.nih.gov/pubmed/15556279
http://dx.doi.org/10.1111/j.1742-4658.2008.06282.x
http://www.ncbi.nlm.nih.gov/pubmed/18266762
http://dx.doi.org/10.1371/journal.pone.0027892
http://www.ncbi.nlm.nih.gov/pubmed/22132163
http://dx.doi.org/10.1016/j.ijbiomac.2015.09.062
http://www.ncbi.nlm.nih.gov/pubmed/26433176
http://dx.doi.org/10.1016/j.dib.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/26793748
http://dx.doi.org/10.1189/jlb.0708434
http://www.ncbi.nlm.nih.gov/pubmed/19401384
http://dx.doi.org/10.1042/bj20020856
http://www.ncbi.nlm.nih.gov/pubmed/12169094
http://www.ncbi.nlm.nih.gov/pubmed/3805020
http://dx.doi.org/10.1189/jlb.1104644
http://www.ncbi.nlm.nih.gov/pubmed/15788440
http://dx.doi.org/10.1189/jlb.1106660
http://www.ncbi.nlm.nih.gov/pubmed/17242371
http://dx.doi.org/10.1620/tjem.221.271
http://www.ncbi.nlm.nih.gov/pubmed/20644342
http://dx.doi.org/10.1371/journal.pone.0038961
http://www.ncbi.nlm.nih.gov/pubmed/22720002
http://dx.doi.org/10.1111/j.1365-3083.2012.02774.x
http://www.ncbi.nlm.nih.gov/pubmed/22946764
http://dx.doi.org/10.1111/j.1365-3083.2010.02490.x
http://www.ncbi.nlm.nih.gov/pubmed/21198751


Int. J. Mol. Sci. 2017, 18, 1400 20 of 21

59. De Oliveira Silva, F.; das Neves Santos, P.; de Melo, C.M.; Teixeira, E.H.; de Sousa Cavada, B.; Arruda, F.V.;
Cajazeiras, J.B.; Almeida, A.C.; Pereira, V.A.; Porto, A.L. Immunostimulatory activity of conbr: A focus on
splenocyte proliferation and proliferative cytokine secretion. Cell Tissue Res. 2011, 346, 237–244. [CrossRef]
[PubMed]

60. Pineau, N.; Aucouturier, P.; Brugier, J.C.; Preud’homme, J.L. Jacalin: A lectin mitogenic for human CD4 T
lymphocytes. Clin. Exp. Immunol. 1990, 80, 420–425. [CrossRef] [PubMed]

61. Stojanovic, M.M.; Zivkovic, I.P.; Petrusic, V.Z.; Kosec, D.J.; Dimitrijevic, R.D.; Jankov, R.M.; Dimitrijevic, L.A.;
Gavrovic-Jankulovic, M.D. In vitro stimulation of Balb/c and C57 BL/6 splenocytes by a recombinantly
produced banana lectin isoform results in both a proliferation of T cells and an increased secretion of
interferon-gamma. Int. Immunopharmacol. 2010, 10, 120–129. [CrossRef] [PubMed]

62. Ando, Y.; Yasuoka, C.; Mishima, T.; Ikematsu, T.; Uede, T.; Matsunaga, T.; Inobe, M. Concanavalin a-mediated
T cell proliferation is regulated by herpes virus entry mediator costimulatory molecule. In Vitro Cell. Dev.
Biol. Anim. 2014, 50, 313–320. [CrossRef] [PubMed]

63. Urrea, F.; Zenteno, E.; Avila-Moreno, F.; Sanchez-Garcia, F.J.; Zuniga, J.; Lascurain, R.; Ortiz-Quintero, B.
Amaranthus leucocarpus lectin (all) enhances anti-CD3-dependent activation of murine T cells and promotes
cell survival. Immunol. Investig. 2011, 40, 113–129. [CrossRef] [PubMed]

64. Cimo, A.M.; Ahmed, Z.; McIntyre, B.W.; Lewis, D.E.; Ladbury, J.E. CD25 and CD69 induction by α4β1
outside-in signalling requires TCR early signalling complex proteins. Biochem. J. 2013, 454, 109–121.
[CrossRef] [PubMed]

65. Billard, M.J.; McIntyre, B.W. CD45RA T-cell activation without proliferation by a partial agonist monoclonal
antibody to β1 integrin. Immunol. Cell Biol. 2008, 86, 381–384. [CrossRef] [PubMed]

66. Hutcheson, J.; Scatizzi, J.C.; Siddiqui, A.M.; Haines, G.K., 3rd; Wu, T.; Li, Q.Z.; Davis, L.S.; Mohan, C.;
Perlman, H. Combined deficiency of proapoptotic regulators Bim and Fas results in the early onset of
systemic autoimmunity. Immunity 2008, 28, 206–217. [CrossRef] [PubMed]

67. Hughes, P.D.; Belz, G.T.; Fortner, K.A.; Budd, R.C.; Strasser, A.; Bouillet, P. Apoptosis regulators Fas and Bim
cooperate in shutdown of chronic immune responses and prevention of autoimmunity. Immunity 2008, 28,
197–205. [CrossRef] [PubMed]

68. Saparov, A.; Wagner, F.H.; Zheng, R.; Oliver, J.R.; Maeda, H.; Hockett, R.D.; Weaver, C.T. Interleukin-2
expression by a subpopulation of primary T cells is linked to enhanced memory/effector function. Immunity
1999, 11, 271–280. [CrossRef]

69. Wille-Reece, U.; Flynn, B.J.; Lore, K.; Koup, R.A.; Miles, A.P.; Saul, A.; Kedl, R.M.; Mattapallil, J.J.; Weiss, W.R.;
Roederer, M.; et al. Toll-like receptor agonists influence the magnitude and quality of memory T cell responses
after prime-boost immunization in nonhuman primates. J. Exp. Med. 2006, 203, 1249–1258. [CrossRef]
[PubMed]

70. Joshi, N.S.; Cui, W.; Chandele, A.; Lee, H.K.; Urso, D.R.; Hagman, J.; Gapin, L.; Kaech, S.M. Inflammation
directs memory precursor and short-lived effector CD8+ T cell fates via the graded expression of T-bet
transcription factor. Immunity 2007, 27, 281–295. [CrossRef] [PubMed]

71. Mescher, M.F.; Curtsinger, J.M.; Agarwal, P.; Casey, K.A.; Gerner, M.; Hammerbeck, C.D.; Popescu, F.; Xiao, Z.
Signals required for programming effector and memory development by CD8+ T cells. Immunol. Rev. 2006,
211, 81–92. [CrossRef] [PubMed]

72. Whitmire, J.K.; Tan, J.T.; Whitton, J.L. Interferon-gamma acts directly on Cd8+ T cells to increase their
abundance during virus infection. J. Exp. Med. 2005, 201, 1053–1059. [CrossRef] [PubMed]

73. Grogan, J.L.; Mohrs, M.; Harmon, B.; Lacy, D.A.; Sedat, J.W.; Locksley, R.M. Early transcription and silencing
of cytokine genes underlie polarization of T helper cell subsets. Immunity 2001, 14, 205–215. [CrossRef]

74. Mullen, A.C.; High, F.A.; Hutchins, A.S.; Lee, H.W.; Villarino, A.V.; Livingston, D.M.; Kung, A.L.; Cereb, N.;
Yao, T.P.; Yang, S.Y.; et al. Role of T-bet in commitment of Th1 cells before IL-12-dependent selection. Science
2001, 292, 1907–1910. [CrossRef] [PubMed]

75. Luckheeram, R.V.; Zhou, R.; Verma, A.D.; Xia, B. CD4+ T cells: Differentiation and functions.
Clin. Dev. Immunol. 2012, 2012, 925135. [CrossRef] [PubMed]

76. Rabinovich, G.A.; Toscano, M.A. Turning “sweet” on immunity: Galectin-glycan interactions in immune
tolerance and inflammation. Nat. Rev. Immunol. 2009, 9, 338–352. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00441-011-1239-x
http://www.ncbi.nlm.nih.gov/pubmed/22009293
http://dx.doi.org/10.1111/j.1365-2249.1990.tb03304.x
http://www.ncbi.nlm.nih.gov/pubmed/2372991
http://dx.doi.org/10.1016/j.intimp.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19874914
http://dx.doi.org/10.1007/s11626-013-9705-2
http://www.ncbi.nlm.nih.gov/pubmed/24163161
http://dx.doi.org/10.3109/08820139.2010.503767
http://www.ncbi.nlm.nih.gov/pubmed/20809696
http://dx.doi.org/10.1042/BJ20130485
http://www.ncbi.nlm.nih.gov/pubmed/23758320
http://dx.doi.org/10.1038/sj.icb.7100165
http://www.ncbi.nlm.nih.gov/pubmed/18195724
http://dx.doi.org/10.1016/j.immuni.2007.12.015
http://www.ncbi.nlm.nih.gov/pubmed/18275831
http://dx.doi.org/10.1016/j.immuni.2007.12.017
http://www.ncbi.nlm.nih.gov/pubmed/18275830
http://dx.doi.org/10.1016/S1074-7613(00)80102-8
http://dx.doi.org/10.1084/jem.20052433
http://www.ncbi.nlm.nih.gov/pubmed/16636134
http://dx.doi.org/10.1016/j.immuni.2007.07.010
http://www.ncbi.nlm.nih.gov/pubmed/17723218
http://dx.doi.org/10.1111/j.0105-2896.2006.00382.x
http://www.ncbi.nlm.nih.gov/pubmed/16824119
http://dx.doi.org/10.1084/jem.20041463
http://www.ncbi.nlm.nih.gov/pubmed/15809350
http://dx.doi.org/10.1016/S1074-7613(01)00103-0
http://dx.doi.org/10.1126/science.1059835
http://www.ncbi.nlm.nih.gov/pubmed/11397944
http://dx.doi.org/10.1155/2012/925135
http://www.ncbi.nlm.nih.gov/pubmed/22474485
http://dx.doi.org/10.1038/nri2536
http://www.ncbi.nlm.nih.gov/pubmed/19365409


Int. J. Mol. Sci. 2017, 18, 1400 21 of 21

77. Lange, F.; Brandt, B.; Tiedge, M.; Jonas, L.; Jeschke, U.; Pohland, R.; Walzel, H. Galectin-1 induced activation of
the mitochondrial apoptotic pathway: Evidence for a connection between death-receptor and mitochondrial
pathways in human Jurkat T lymphocytes. Histochem. Cell Biol. 2009, 132, 211–223. [CrossRef] [PubMed]

78. Lu, L.H.; Nakagawa, R.; Kashio, Y.; Ito, A.; Shoji, H.; Nishi, N.; Hirashima, M.; Yamauchi, A.; Nakamura, T.
Characterization of galectin-9-induced death of Jurkat T cells. J. Biochem. 2007, 141, 157–172. [CrossRef]
[PubMed]

79. Norambuena, A.; Metz, C.; Vicuna, L.; Silva, A.; Pardo, E.; Oyanadel, C.; Massardo, L.; Gonzalez, A.; Soza, A.
Galectin-8 induces apoptosis in Jurkat T cells by phosphatidic acid-mediated ERK1/2 activation supported
by protein kinase A down-regulation. J. Biol. Chem. 2009, 284, 12670–12679. [CrossRef] [PubMed]

80. Pujari, R.; Eligar, S.M.; Kumar, N.; Barkeer, S.; Reddy, V.; Swamy, B.M.; Inamdar, S.R.; Shastry, P. Rhizoctonia
bataticola lectin (RBL) induces caspase-8-mediated apoptosis in human T-cell leukemia cell lines but not in
normal CD3 and CD34 positive cells. PLoS ONE 2013, 8, e79311. [CrossRef] [PubMed]

81. Tatsuta, T.; Hosono, M.; Miura, Y.; Sugawara, S.; Kariya, Y.; Hakomori, S.; Nitta, K. Involvement of ER
stress in apoptosis induced by sialic acid-binding lectin (leczyme) from bullfrog eggs. Int. J. Oncol. 2013, 43,
1799–1808. [PubMed]

82. Tatsuta, T.; Hosono, M.; Sugawara, S.; Kariya, Y.; Ogawa, Y.; Hakomori, S.; Nitta, K. Sialic acid-binding
lectin (leczyme) induces caspase-dependent apoptosis-mediated mitochondrial perturbation in jurkat cells.
Int. J. Oncol. 2013, 43, 1402–1412. [PubMed]

83. Xue, J.; Gao, X.; Fu, C.; Cong, Z.; Jiang, H.; Wang, W.; Chen, T.; Wei, Q.; Qin, C. Regulation of
galectin-3-induced apoptosis of jurkat cells by both O-glycans and N-glycans on CD45. FEBS Lett. 2013, 587,
3986–3994. [CrossRef] [PubMed]

84. Ruiz-Ruiz, C.; Robledo, G.; Font, J.; Izquierdo, M.; Lopez-Rivas, A. Protein kinase C inhibits CD95
(Fas/APO-1)-mediated apoptosis by at least two different mechanisms in Jurkat T cells. J. Immunol. 1999,
163, 4737–4746. [PubMed]

85. Braz, M.M.; Roque-Barreira, M.C.; Ramalho, F.S.; Oliveira, C.A.; Augusto, M.J.; Ramalho, L.N. Inhibition
of hepatocarcinogenesis by ArtinM via anti-proliferative and pro-apoptotic mechanisms. In Vivo 2016, 30,
845–852. [CrossRef] [PubMed]

86. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00418-009-0597-x
http://www.ncbi.nlm.nih.gov/pubmed/19381674
http://dx.doi.org/10.1093/jb/mvm019
http://www.ncbi.nlm.nih.gov/pubmed/17167046
http://dx.doi.org/10.1074/jbc.M808949200
http://www.ncbi.nlm.nih.gov/pubmed/19276072
http://dx.doi.org/10.1371/journal.pone.0079311
http://www.ncbi.nlm.nih.gov/pubmed/24244478
http://www.ncbi.nlm.nih.gov/pubmed/24100413
http://www.ncbi.nlm.nih.gov/pubmed/24008724
http://dx.doi.org/10.1016/j.febslet.2013.10.034
http://www.ncbi.nlm.nih.gov/pubmed/24211831
http://www.ncbi.nlm.nih.gov/pubmed/10528172
http://dx.doi.org/10.21873/invivo.11004
http://www.ncbi.nlm.nih.gov/pubmed/27815471
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	ArtinM Induces the Activation of Murine CD4+ and CD8+ T Cells 
	CD4+ and CD8+ T Cells Activation Marker Expression Is Induced by ArtinM 
	CD4+ and CD8+ T Cells Show a Marked Proinflammatory Profile after ArtinM Stimulation 
	Functional Relevance of CD3 as a Glycotarget of ArtinM on CD4+ and CD8+ T Cells 
	The Interaction of ArtinM with Jurkat T Cells Results in IL-2 Production 
	ArtinM Induces the Apoptosis of Jurkat T Cells 
	ArtinM-Induced Apoptosis of Jurkat T Cells Is Mediated by Caspases 
	Inhibitors of PKC, JNK, p38 MAPK, and ERK Do Not Block the ArtinM-Induced Apoptosis of Jurkat T Cells 

	Discussion 
	Materials and Methods 
	Ethics Statement 
	Animals 
	Lectins 
	Cell Suspensions 
	ArtinM Binding on T Cell Surface 
	Cytokines Measurement and 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay 
	Cell Proliferation Assay 
	Flow Cytometry Analysis 
	Quantitative Reverse Transcription Polymerase Chain Reaction for the Detection of Tbet and Gata3 Transcripts in CD4+ T Cells 
	Assays for Functional and Binding Competition between Anti-CD3 Antibody and ArtinM 
	Population Doubling Level (PDL) Assay 
	Caspase Inhibition 
	Treatment of Jurkat T Cells with Inhibitors of Cell Signaling Molecules 
	Statistical Analysis 


