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Abstract: Regulatory T cells (Tregs) are key players in the regulation of inflammatory responses. In this
study, two natural molecules, namely, sparteine sulfate (SS) and harpagoside (Harp), were investigated
for their ability to induce Tregs in human peripheral blood mononuclear cells (PBMCs). PBMCs were
isolated from healthy volunteers and grown in the presence or absence of ConA, with TGF-beta,
SS or Harp. Expression of the mRNA of FoxP3, TGF-beta, IL-10 and GAPDH was assessed via
q-PCR. The expression of Treg markers including CD4, CD25, CD127 and FoxP3 was measured
via flow cytometry. The secretion of IL-10 and TGF-beta by cultured cells was assessed by ELISA.
Furthermore, the suppressive role of SS and Harp on PBMCs in vitro was tested via allogeneic mixed
lymphocyte reaction (MLR). Data obtained show that both compounds increased the expression of
FoxP3, TGF-beta and IL-10 mRNA in resting PBMCs but to a lesser extent in activated cells. Moreover,
they significantly increased the percent of CD4+CD25+FoxP3+CD127− Tregs in activated and naïve
PBMCs. Functionally, both compounds caused a significant reduction in the stimulation index in
allogeneic MLR. Together, our data demonstrate for the first time that SS and Harp can induce human
Tregs in vitro and therefore have great potential as anti-inflammatory agents.

Keywords: human; Foxp3 induction; CD4+CD25+ regulatory T cells; natural molecules; mixed
lymphocyte reaction (MLR)

1. Introduction

Regulatory T cells (Tregs) are considered a specialized subset of CD4+ T cells that plays a major
role in the establishment and maintenance of immune tolerance. Since their discovery in 1969 [1], Tregs
have been extensively studied and identified as a promising potential therapeutic tool, especially to
prevent exaggerated immune responses, autoimmunity and graft rejection [2–7]. Since then, several
types of Tregs have been described; the main 3 types of CD4+ Tregs are: IL-10-producing type 1
regulatory T (Tr1) cells, TGF-β-producing CD4+ T helper 3 (Th3) cells and CD4+CD25+Foxp3+ T cells.
Both Tr1 and Th3 lack fork-head box P3 (Foxp3) expression, and several cytokines were shown to
account for their inhibition. The transcriptional factor Foxp3 is essential for the development of Tregs in
the thymus, and loss of FoxP3 expression can result in autoimmune pathology that may affect multiple
tissues and organs [2,8,9]. The expression of Foxp3 has been found to be related to the development
and function of most Tregs, including the subpopulation that develops in the thymus (nTregs) and the
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subpopulation peripherally induced in secondary lymphoid organs (iTregs) [10,11]. Helios is a member
of the Ikaros transcription factor family. It has been proposed that expression of Helios distinguishes
nTregs from iTregs [12]. Treg-mediated suppressive activity involves various molecules including
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), IL-2, IL-10, transforming growth factor-β
(TGF-β), IL-35, glucocorticoid-induced TNF receptor (GITR), lymphocyte-activation gene 3 (LAG3),
granzyme B, adenosine and cyclic AMP (cAMP) [3,13–17]. TGF-β plays a key role in maintaining the
regulatory function of Tregs, as was shown in mice when anti-TGF-β was administered, which resulted
in development of severe colitis [18]. iTregs are induced from naïve CD4+ T cells in the periphery
and require the FoxP3 pathway; they are characterized as being CD4+CD25+FoxP3+CD127− [19,20].
Tregs were first induced in vitro using TGF-β in 2003 by Chen et al. [11]. Tregs can be used to restore
balance to immune cell functions and suppress inflammation in patients with autoimmune or chronic
inflammatory disorders [17]. Several natural compounds have been shown to induce FoxP3 expression
and promote a Treg cell phenotype [21–23], with the potential to suppress chronic inflammation
associated with multiple clinical disorders.

In the current study, two compounds that were identified in a small molecule library screening
for FoxP3 promoter induction were investigated for their ability to induce human Tregs from naïve
and activated peripheral blood mononuclear cells (PBMCs) in vitro. The two compounds were
sparteine sulfate (SS), which is an alkaloid found in Lupinus species and other Leguminosae, and
harpagoside (Harp), an iridoid glycoside found in extracts of the plant Harpagophytum procumbens,
also known as devil’s claw. SS has been shown to be useful as an antiarrhythmic, oxytocic and
anticonvulsant [15,22,24–27], while Harp has been shown to have analgesic and anti-inflammatory
properties [28]. Despite the reported medicinal uses, this is the first study to assess their impact on
T cells and their ability to induce Tregs in vitro. The two compounds are nontoxic and effective in
small doses, as demonstrated in this study, and could prove significant in the search for treatment for
autoimmune and inflammatory pathologies.

2. Materials and Methods

2.1. Donor Blood

Healthy volunteer blood specimens were drawn in accordance with University of Sharjah Research
Ethics Committee (REC) regulations. All subjects provided written informed consent prior to their
blood donation. The donors were healthy middle-aged adults (3 females and 1 male, aged 25–50 years).
The selection criteria were as follows: not ill at the time of the sample collection; no history of chronic
or autoimmune disease; not taking any medications for the last 5 days; all were HIV and HBV negative;
females were not pregnant. Blood was drawn by trained and certified personnel, and from each
volunteer, about 50–60 mL was collected in a BD vacutainer tube containing lithium heparin as
an anticoagulant.

2.2. Reagents

Lithium heparin vacutainers were purchased from BD Biosciences (San Jose, CA, USA); Tissue
culture medium RPMI, fetal bovine serum (FBS), penicillin-streptomycin and phosphate buffered
saline (PBS) from Gibco, Thermo Fisher Scientific (Dublin, Ireland); Concanavalin A (Con A) (Cat#
sc-203007A), XTT tetrazolium sodium salt (CAS 111072-31-2) (Cat# sc-258336), harpagoside (CAS
number: 19210-12-9) (Cat# sc-203073) and sparteine sulfate (CAS number: 299-39-8) (Cat# sc-471860)
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); human recombinant TGF-β (Cat# 580702) from
BioLegend (San Diego, CA, USA); Mitomycin C (Cat# M4287) and Histopaque®-1077(Cat# 10771) from
Sigma-Aldrich (St. Louis, MO, USA).
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2.3. Natural Molecule Discovery

The Natural Products Collection library (NP120801) was purchased from MicroSource Discovery
Systems, with an 800-molecule collection in 96-well format. Each plate was diluted to 1 µM and 0.1 µM
in complete DMEM medium with 10% FBS and containing 3 µg/mL puromycin. The HEK 293 Human
FoxP3 Prom/LUCPorter™ stable reporter cell line (IMGENEX) was plated at 0.1 × 105/well in white
96-well plates in complete DMEM medium without puromycin for 24 h. Then, puromycin-free medium
was aspirated from the plates and replaced with 100 µL/well diluted Natural Product Collection library
(1 µM or 0.1 µM) plates. Six wells on the sides were filled with 100 µL medium containing puromycin
to be used as a reference control. The treated plates were transferred to a 37 ◦C CO2 incubator for
16 h, then transferred to a −80 ◦C freezer in order to lyse the cells. In order to measure luciferase
activity, the LightSwitch™ Luciferase assay from SwitchGear genomics cat# LS010 was used. Briefly,
100 µL assay solution was added to each well and incubated for 30 min at room temperature in the
dark, then each well was read for 2 s in a PerkinElmer Wallac Victor plate reader. The adjusted Foxp3
luciferase response units (RU) were calculated as RU = ((luminesce in test molecule × 100)/luminesce
in medium) − 100.

2.4. Real-Time q-PCR

Promptly after collection, PBMCs were isolated from the buffy coat layer after density gradient
centrifugation using Histopaque®-1077 (Sigma-Aldrich, Merck, St. Louis, MI, USA). Freshly isolated
PBMCs were suspended in Complete RPMI-1640 (RPMI 1640 supplemented with 10% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 100 µg/mL streptomycin, 100 U/mL penicillin, 50 mM
HEPES, 0.15% NaHCO3 (w/v)), and treated with 10 ng/mL TGF-β, 5 µM sparteine sulfate or
1 µM harpagoside in the presence or absence of 5 µg/mL of the T cell mitogen ConA. On the
fifth day of treatment, cells were harvested and RNA was isolated with the RNeasy kit (QIAGEN,
Hilden, Germany). cDNA was synthesized using iScript Reverse Transcriptase Supermix (Bio-Rad,
Hercules, CA, USA). Real-time quantitative PCR by SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) and specific primers to GAPDH, TGF-β, FoxP3 and IL-10 were used
to amplify the cDNA for the cognate genes. GAPDH was used as an internal control, and the
relative expression of TGF-β, FoxP3 and IL-10 was calculated using the 2−∆∆Ct method. The primers
were synthesized by Alpha DNA (Montreal, QC, Canada); primers sequences were as follows:
GAPDH (F: 5′ AG-GGCTGCTTTTAACTCTGGT 3′, R: 5′ CCCCACTT-GATTTTGGAGGGA 3′),
TGF-β1 (F: 5′ CACGTGGAGCTGTACCAGAA 3′, R: 5′ GAACCCGTTGATGTCCACTT 3′), IL-10
(F: 5′ TGCCTTCAGCAGAGTGAAGA 3′, R: 5′ GTCTTGGTTCTCAGCTTGGG 3′) and FoxP3 (F: 5′

CACTGCTGGCAAATGGTGTC 3′, R: 5′ GGATGGCGTTCTTCCAGGTG 3′). All genes were assessed
in triplicate. At least three biological replicates using cells from three different donors were used.

2.5. Flow Cytometry

PBMCs prepared as described above were treated with 10 ng/mL TGF-β, 5 µM sparteine sulfate or
1 µM harpagoside in the presence or absence of 5 µg/mL of the T cell mitogen Con A. On the fifth day of
treatment, cells were harvested and stained with FITC-conjugated anti-CD127 (351312), PE-conjugated
anti-CD25 (356104) and PerCP/Cy5.5-conjugated anti-CD4 (344608) (Biolegend, San Diego, CA, USA).
For the Foxp3 intracellular staining, Alexa Fluor® 647 antihuman FOXP3 Antibody and True-Nuclear™
Transcription Factor Buffer Set were used according to the manufacturer’s protocol (Biolegend, San
Diego, CA, USA). The cell population with double mean fluorescence intensity of CD25+ cells was
defined as CD25hi cells [19]. Compensation was performed by running single color controls with
BD CompBeads (552843). After staining, cells were acquired in BD FACS-ARIA III (BD-Bioscience,
Franklin Lakes, NJ, USA) using FACSDiva software and analysis was performed using FlowJo software
(Tree Star, San Carlos, CA, USA). Singlet’s gating was used to avoid doublets; CD25, FOXP3 and CD127
FMO controls were used to set up the gates for T regulatory cells.



Biology 2020, 9, 211 4 of 12

2.6. Cytokine Quantitation

The detection of the Treg cytokines IL-10 and TGF-β secreted from treated PBMCs was performed
via ELISA. The supernatants from the cells in flow cytometry experiments described above were
collected on the day of the harvest and kept at −80 ◦C. A sandwich of hIL-10 (E-EL-H0103) and hTGF-β
(E-EL-H0110) ELISA kits was used according to the manufacturer’s instructions (Elabscience, Houston,
TX, USA). Briefly, thawed undiluted PBMC culture supernatants from 3 biological replicates were
added to coated kit wells in duplicates. The plates were read via a microtiter plate reader (BioTek Elx
808) at 450 nm, with Gen5 Imager software. The concentration of samples was determined using a
4-parameter logistic (4-PL) curve fitted via Graphpad Prisim 8.4.2.

2.7. Allogeneic Mixed Lymphocyte Reaction (MLR)

The proliferative response of T cells in PBMCs to allogeneic cells was measured by one-way
MLR [29]. This was accomplished by mixing PBMCs from two different unrelated donors in the
presence or absence of 5 µM SS or 5 µM Harp. The one-sided response was ensured by treating one
of the donor’s PBMCs with 25 µg Mitomycin C for 1 h at 37 ◦C then washing 3 times in complete
RPMI; such cells were considered stimulators. The one-way MLR was conducted as described by
Kruisbeek et al. [30]. Briefly, in a 96-well plate, isolated PBMCs from two individuals were co-cultured;
cells that served as stimulators were added at 0.6 × 106/well while responder PBMCs were added
at 0.4 × 106/well. MTT colorimetric assay was used to measure the proliferative response of T cells.
Absorbance was measured at 570 nm, and stimulation index (S.I.) was calculated follows: S.I. = Optical
Density (OD) of responder cells in wells with stimulator cells added/OD of the same responders in
wells containing responder cells only.

2.8. Statistical Analysis

All experiments were performed in triplets and represented as average ± standard error (S.E.).
The Friedman test (a nonparametric one-way ANOVA on ranks) was used to assess significant
differences between test and control (peripheral blood mononuclear cells (PBMC) in medium or
with ConA). To do this, we used the statistical software GraphPad Prism 8.4.2. P-values < 0.05,
<0.005 or <0.0005 were considered statistically significant and denoted with an asterisk, (*), (**) or
(***), respectively.

2.9. Ethics Statement

This study was carried out according to the ethical guidelines of the Research Institute of Medical
and Health Sciences (RIMHS) Research Ethics Committee (approval: REC-19-09-25-01-S). Human
samples were obtained in accordance with the Medical Research Involving Human Subjects Act,
and informed consent was obtained from all subjects.

3. Results

3.1. SS and Harp Induced the Expression of Luciferase in the FoxP3 Reporter Cell Line

Due to the great potential of Treg cells in the downregulation of inflammatory diseases and the
key role of FoxP3 expression in their induction, we screened a library of 800 small natural molecules
for their ability to induce FoxP3 expression. To this end, we used the HEK 293 Human FoxP3
Prom/LUCPorter™ stable reporter cell line and screened the 800 small natural molecules for their
ability to induce Luciferase activity. From the 800 molecules, only 50 were able to induce FoxP3
promoter above 50% as compared to medium control (CTRL) in a dose-dependent mater (data not
shown). Among the top 50 hits, SS and Harp were chosen for this study due to their safety and the
fact that both have relatively well-established medicinal uses. SS and Harp induced the expression
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of FoxP3 promoter at concentrations of 1 µM (90% and 59%, respectively) and 0.1 µM (67% and 28%,
respectively), as shown in Figure 1.Biology 2020, 9, x FOR PEER REVIEW 5 of 13 
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Figure 1. The induction of FoxP3 promotor by the hit molecules. Sparteine sulfate (SS) or harpagoside
(Harp) (1 or 0.1 µM) was added to the HEK 293-FoxP3 reporter cell line for 16 h. Cells were then lysed,
and luciferase activity was measured. Response units (RU) were adjusted in relation to response in
wells with media + puromycin (CTRL). The % Foxp3 induction is calculated as [(luminescence for test
molecule × 100)/luminescence for medium CTRL] − 100. The two library replicates of diluted plates
were run on separate days, and there were no experimental replicates.

3.2. Cytotoxicity of SS and Harp on PBMCs In Vitro

The assessment of SS and Harp cytotoxicity was conducted via XTT assay for cell viability.
ConA-activated PBMCs were incubated in the presence or absence of serial doubling dilutions of SS
and Harp for 48 h. There was no evident toxicity up to 200 µM for SS, and no toxicity was detected
up to 100 µM of Harp (please see Supplementary Materials). Thus, both molecules are not toxic on
in vitro grown PBMCs at the concentrations used throughout this study.

3.3. Harp and SS Upregulate Expression of mRNA for Treg Cell Markers In Vitro

In order to test whether SS and Harp can actually induce expression of Foxp3 mRNA, PBMCs
from healthy volunteers were grown in the presence or absence of SS or Harp, and TGF-β1 was used
as a positive control. A group of wells was also activated with the T cell mitogen 5 µg/mL ConA.
All cells were incubated for 5 days, then harvested and total RNA was extracted from each sample
and subjected to reverse transcription and real time q-PCR. In addition to FoxP3, we assessed for the
expression of key Treg-derived cytokines IL-10 and TGF-β. Data depicted in Figure 2 show the fold
change in expressions of FoxP3, TGF-β and IL-10 mRNA, comparing the expression of these genes
in the sample that contained medium alone (Figure 2a) with that in the sample activated with ConA
(Figure 2b). In the unstimulated cells, TGF-β, Harp and SS all increased the expression of FOXP3
mRNA, yet significantly only in the presence of TGF-β or Harp with p = 0.0004 and 0.0110, respectively.
The same is true for IL-10 mRNA, which was increased by TGF-β, Harp and SS, significantly only
in TGF-β and Harp-treated cells with p = 0.0417 and 0.0002, respectively. The TGF-β mRNA was
increased in the unstimulated cells in the presence of TGF-β, Harp and, SS but only significantly by SS
with p = 0.0110. In the ConA-activated cells, Harp increased the expression of FOXP3 significantly
with p = 0.0017; it also increased the expression of TGF-β and IL-10 but not significantly. SS resulted in
a slight increase in the expression of the three genes’ mRNA but such an increase was not statistically
significant. These data demonstrate that the two molecules were able to induce the expression of Foxp3
and the expression of key Treg cell cytokines TGF-β and IL-10 from naïve PBMCs, with a lesser level of
increase in the ConA-activated PBMCs.
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Figure 2. Changes in the FoxP3, IL-10 and TGF-β mRNA expression 5 days after addition of compounds.
Peripheral blood mononuclear cells (PBMCs) were isolated and incubated without activation along with
10 ng/mL TGF-β, 1 µM Harp or 5 µM SS for 5 days. Fold difference in the expression of FoxP3, TGF-β
and IL-10 mRNA: (a) Fold difference in the expression of mRNA in cells without ConA and (b) with
ConA 5 µg/mL. Data shown are from one representative experiment out of three, showing fold change
± S.E. Statistical significance shown as expression compared with control PBMCs in medium alone for
the non-activated PBMCs or with ConA alone for the activated PBMCs that are treated with Harp, SS or
TGF-β cells (* p < 0.05, ** p < 0.005 and *** p < 0.0005). Data shown represent three biological replicates.

3.4. Harp and SS Increase Percentege of CD4+CD25+ Treg Cells in PBMCs In Vitro

To determine whether Harp and SS can affect the phenotypic profile of T cells, PBMCs isolated
from donors’ blood were grown in the presence or absence of either one of the compounds, in
similar combinations as in the mRNA experiments described above, then harvested and stained with
fluorescent antibodies against CD4, CD25, CD127 and FoxP3. Tregs were identified based on their
higher expressions of the surface markers CD25(CD4+CD25hi) and CD127−FoxP3+ [29]. To this effect,
CD4+CD25hi double positive cells were gated on and checked for the number of FoxP3+CD127− cells
as shown in Figure 3a–d. Data showed that both Harp and SS when paired with ConA T cell activator
significantly increased the percentage of cells with Treg cell profile as compared with cells with ConA
alone, with p = 0.0417 and 0.0417, respectively (Figure 3b,d). Interestingly, Harp and SS both induced
significantly increased percentages of T cells with Treg profile even in the naïve and unstimulated cells
(with p = 0.001 and 0.0076, respectively) (Figure 3a,d). In addition, the incubation with recombinant
TGF-b increased the % of T cells with Treg profile in the presence or absence of ConA; this increase was
significant only in the ConA-activated cells, p = 0.0052.
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Figure 3. Flow cytometric analysis for the CD4+CD25hiFoxP3+CD127− T cells. Human peripheral
blood mononuclear cells were isolated and incubated in the presence or absence of 5 µg/mL ConA
along with either 10 ng/mL TGF-β, 1 µM Harp or 5 µM SS for 5 days. (a) Effect of treatment with
compounds in the absence of ConA; and (b) in the presence of ConA. (c) The gating strategy for
CD4+CD25hiFoxP3+CD127− T cells. (d) Percentages of FoxP3+CD127−CD4+CD25hi T cells following
various treatments, showing average of triplicate and calculated as % of total lymphocytes ± S.E.
Statistically significant difference when % is compared with medium alone in non-activated cells or
with ConA-activated PBMCs for the ConA-activated cells (* p < 0.05 and ** p < 0.005). The data shown
in (d) represent two biological replicates.

3.5. SS and Harp Induced the Production of the Anti-Inflammatory Cytokine IL-10

IL-10 and TGF-β are the signature cytokines for functional Tregs, and for that reason, their
presence in the supernatants of the cultured cells was assessed. This was done by incubating PBMCs
in the presence or absence of 5 µg/mL ConA and either 10 ng/mL TGF-β, 1 µM Harp or 5 µM SS for
5 days. At the end of incubation, cells were harvested and the supernatants were passed through a
0.2 µm filter in preparation for ELISA. The data shown in Figure 4 demonstrate that the treatment of
ConA-activated PBMCs with Harp and SS resulted in a statistically significant increase in the amount
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of IL-10 produced (p = 0.0235 and p = 0.0017, respectively). In the wells without ConA, there was no
detectable IL-10 (data not shown). The same supernatants were tested for the content of TGF-β via
sandwich ELISA; none was detected in the supernatants despite the increase in TGF-β mRNA (please
see discussion). These results suggested that induction of CD4+CD25+ Treg cells by SS or Harp results
in secretion of higher levels of IL-10 in activated PBMCs.
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Figure 4. The secretion of IL-10 by induced SS and Harp-treated PBMCs in vitro. After 5 days of
incubation in the presence of 5 µg/mL ConA along with either 10 ng/mL TGF-β, 1 µM Harp or 5
µM SS, undiluted supernatant samples were analyzed via sandwich ELISA to assess IL-10 content.
Values plotted are the average of duplicate wells ± S.E. Statistically significant differences compared
to ConA-activated PBMCs are indicated with * p < 0.05 and ** p < 0.005. Data shown represent 3
biological replicates.

3.6. Harp and SS Are Able to Suppress T Cell-Mediated Allogeneic MLR

In order to obtain a direct indication of the immunosuppressive effect of the two compounds,
one-way MLR was conducted. The co-culturing of PBMCs from two different volunteers in the presence
of SS or Harp resulted in a significant reduction in the proliferative response in allogeneic activated
T cells (p = 0.0578 and 0.0044, respectively). The reaction was repeated twice with two responders’
peripheral blood mononuclear cells (PBMCs); the data shown in Figure 5 are from one representative
experiment. The reduction implies that the CD4+CD25+ Treg cells induced by SS or Harp are capable
of suppressing antigen-specific responses.
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Figure 5. Allogeneic mixed lymphocyte reaction (MLR) in the presence or absence of 5 µM of each of
Harp and SS. Average simulation index of triplicates is plotted ±S.E. Statistically significant differences
compared with untreated CTRL MLR are indicated with asterisks (* p = 0.0578 and ** p = 0.0044,
respectively). The data shown represent two biological replicates.
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4. Discussion

Anti-inflammatory agents are essential in the control of autoimmune and chronic inflammatory
diseases. Treg cells are key players in the regulation of inflammatory responses, and the search for
new agents that can induce Tregs is gaining increasing interest. In the study herein, we present two
small natural molecules, sparteine sulfate and harpagoside, as potential anti-inflammatory agents
due to their ability to induce Tregs in vitro. The two molecules were able to induce expression of the
FoxP3 transcriptional factor in vitro as shown through mRNA expression and flow cytometry. This
induction was measured in total PBMCs in the presence or absence of the T cell mitogen ConA; such
an approach may allow for cell–cell contacts and is closer to in situ conditions than if we had used
isolated activated T cells. The signature Treg cell cytokines IL-10 and TGF-β were also upregulated to
a varying extent as evidenced by q-PCR and ELISA. The fact that TGF-β was not detected by ELISA
can be attributed to the fact that TGF-β may be produced at a very low concentration and that it is
often thought to be sequestered by binding to extracellular matrix components [31,32]. TGF-β has
been shown to upregulate expression of FoxP3 and induce differentiation of CD4+CD25− precursors
into suppressive Tregs cells [31]; therefore, samples treated with TGF-β are considered an appropriate
reference for comparison. For IL-10 expression, the amount of IL-10 produced by non-activated cells
was not detected via ELISA, despite the fact that the mRNA showed upregulation in IL-10. This
discrepancy can be explained by the fact that at the end of incubation in the wells without ConA, some
cells may have died due to a lack of antigen receptor signal. Such an observation was described by
Rathmell et al., 2000, where it was shown that activation through cell-specific receptors promotes cell
survival by regulating nutrient uptake and utilization [33]. In addition, unlike cells that were activated
with ConA, there was no growth or proliferation. Consequently, from cells without ConA, we obtained
less total RNA than that which was extracted from their ConA-activated counterparts. Nevertheless,
when running the q-PCR, we unified the amount of starting RNA from all samples for the purposes of
comparison. Hence, the discrepancy is due to the fact that q-PCR data represent the expression per 0.5
µg of RNA, while the ELISA data represent IL-10 secreted from all the cells in each well. Haller et al.
reported a similar observation in unstimulated PBMCs where expression of IL-10 was detected via
q-PCR and none through ELISA [34].

Tregs are generally classified into two categories: either natural (thymus-derived) (nTregs) or
induced (peripherally derived) (iTregs). Natural Tregs represent between 2% and 8% of CD4+ T cells
in healthy donor peripheral blood, whereas induced Tregs can be generated by the expansion of CD4+

T cells in the presence of TGF-β [11,35]. In this study, the percent of CD4+CD25+FoxP3+CD127−

Tregs was shown to be enhanced by the TGF-β and the two compounds Harp and SS. This has been
shown in both the presence and absence of antigenic/mitogenic stimulation. The numbers presented
in flow cytometry represent a % of 1 × 106 cells; however, it does not reflect the total number of
CD4+CD25+FoxP3+CD127− Treg cells per well. The wells with ConA had 3–4 times the number of
cells in the non-activated wells; thus, there were far more cells with Treg profile in the ConA-activated
wells. The origin of these Tregs (i.e., whether they are nTregs or iTregs) was not within the scope of this
investigation. Future studies may analyze the origin and mechanism by which such Tregs are induced
by Harp and SS.

Our results indicate that both sparteine sulfate and harpagoside can induce an increase in T cells
with Treg profile. Most important is the ability of both molecules to reduce the allogeneic specific
responses in MLR. The induced reduction of response in the MRL assay could be attributed to the
fact the both harpagoside and sparteine sulfate were able to increase Treg cells in vitro even from
naïve cells. Furthermore, it was interesting to note that both were able to increase expression of IL-10
and TGF-β mRNA in both activated and non-activated cells. IL-10 and TGF-β have been shown to
suppress allogeneic MLR in recent studies [36–38].

While harpagoside and devil’s claw extract have been used in folk and contemporary medicine as
anti-inflammatory agents, the current study is the first to demonstrate harpagoside’s ability to induce
FoxP3 and the subsequent differentiation of CD4+CD25+ Treg cells in human PBMCs. Huang et al.
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showed that Harp inhibited the Lipopolysaccharide (LPS)-induced activation of the transcriptional
factor NF-κB promoter activity in a gene reporter assay in the macrophage cell line RAW 264.7 [39].
The NF-κB transcriptional factor is involved in the expression of many human inflammatory cytokines
including but not limited to IL-1, 2, 8, 6 and 15, TNF-α and several chemokines. Such inhibitory effects
may synergize with its ability to induce FoxP3 activation and Treg cell activation as shown in this
study, thus making harpagoside a very convincing contender as an anti-inflammatory drug.

Sparteine sulfate, on the other hand, is already a drug that has been indicated as a class 1a
antiarrhythmic agent as well as an oxytocic drug that stimulates contraction of the myometrium. There
are no studies to our knowledge that link it to any immunosuppressive activity. Thus, this study
demonstrates for the first time that sparteine sulfate may have great potential as an anti-inflammatory
agent due to its evidenced ability to induce Tregs from naïve or activated human PBMCs.

Together, our data indicate that sparteine sulfate and harpagoside may serve as agents for
upregulating FoxP3 expression and driving cells towards a regulatory T cell phenotype, as well as
suppressing the effect of effector T cells. Although these two compounds may have great potential as
therapeutic agents for autoimmune, transplant rejection and chronic inflammatory conditions, further
investigations are required in vivo to determine the efficiency of the compounds in inflammatory
disease models.

5. Conclusions

In conclusion, we have demonstrated that harpagoside and sparteine sulfate, which are naturally
occurring molecules derived from plants, are able to increase the expression of the transcription factor
FoxP3. Furthermore, we have shown that naive PBMCs are induced to differentiate into a T regulatory
phenotype that produces anti-inflammatory cytokines. These findings may have significant impacts
on therapeutic treatments for autoimmune diseases, chronic inflammatory conditions and suppression
of graft rejection. Additional studies are necessary in vivo to test the efficacy of these molecules in the
induction of Tregs and suppression of inflammatory diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-7737/9/8/211/s1,
Figure S1: XTT—Cytotoxicity assay showing cell viability of PBMC in vitro following treatment with doubling
dilutions of the molecules being investigated

Author Contributions: Conceptualization, M.N., P.N. and M.R.H.; Data curation, N.Z.A. and M.N.J.; Formal
analysis, N.Z.A. and M.N.J.; Funding acquisition, M.N., P.N. and M.R.H.; Investigation, N.Z.A. and S.-K.H.;
Methodology, N.Z.A., S.-K.H. and M.R.H.; Project administration, M.R.H.; Supervision, M.R.H.; Writing—original
draft, N.Z.A.; Writing—review and editing, M.N., P.N. and M.R.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partly funded by a grant from the College of Higher Studies and Research at the University
of Sharjah (C.G.S. 52/2017 and V.C.R.G./R. 824/2019) and by the University of South Carolina institutional funds.

Acknowledgments: The authors wish to thank Sharjah Institute of Medical Research (SIMR), which allowed us
the use of BD FACS-ARIA III for flow cytometry analysis. Also, we greatly appreciate the assistance of Nabila M.
Hussein from the College of Health Sciences and Islam Altayeb from the College of Science in obtaining blood
from volunteers.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Abbreviations

SS Sparteine Sulfate
Harp Harpagoside
PBMCs Peripheral Blood Mononuclear Cells
ConA Concanavalin A
FoxP3 Fork Head Box P3
TGF-β Transformation Growth Factor-β
IL-10 Interleukin-10
MLR Mixed Lymphocyte Reaction

http://www.mdpi.com/2079-7737/9/8/211/s1


Biology 2020, 9, 211 11 of 12

References

1. Nishizuka, Y.; Sakakura, T. Thymus and reproduction: Sex-linked dysgenesia of the gonad after neonatal
thymectomy in mice. Science 1969, 166, 753–755. [CrossRef] [PubMed]

2. Taylor, P.A.; Noelle, R.J.; Blazar, B.R. Cd4+ Cd25+ immune regulatory cells are required for induction of
tolerance to alloantigen via costimulatory blockade. J. Exp. Med. 2001, 193, 1311–1318. [CrossRef]

3. Corthay, A. How do regulatory T cells work? Scand. J. Immunol. 2009, 70, 326–336. [CrossRef]
4. Smigiel, K.S.; Srivastava, S.; Stolley, J.M.; Campbell, D.J. Regulatory T-cell homeostasis: Steady-state

maintenance and modulation during inflammation. Immunol. Rev. 2014, 259, 40–59. [CrossRef]
5. Grant, C.R.; Liberal, R.; Mieli-Vergani, G.; Vergani, D.; Longhi, M.S. Regulatory T-cells in auto-immune

diseases: Challenges, controversies and yet unanswered questions. Autoimmun. Rev. 2015, 14, 105–116.
[CrossRef]

6. Komatsu, N.; Okamoto, K.; Sawa, S.; Nakashima, T.; Oh-hora, M.; Kodama, T.; Tanaka, S.; Blue-stone, J.A.;
Takayanagi, H. Pathogenic conversion of Foxp3+ T cells into TH-17 cells in auto-immune arthritis. Nat. Med.
2014, 20, 62–68. [CrossRef]

7. Acharya, S.; Fathman, C.G. CD4+ CD25+ Regulatory T Cells as Adoptive Cell Therapy for Autoimmune
Disease and for the Treatment of Graft-Versus-Host Disease. In Regulatory T Cells and Clinical Application;
Springer: New York, NY, USA, 2008; pp. 231–252.

8. Workman, C.J.; Szymczak-Workman, A.L.; Collison, L.W.; Pillai, M.R.; Vignali, D.A. The de-velopment and
function of regulatory T cells. Cell. Mol. Life Sci. 2009, 66, 2603–2622. [CrossRef]

9. Vendrame, S.; Klimis-Zacas, D. Anti-inflammatory effect of anthocyanins via modulation of nuclear factor B
and mitogen-activated protein kinase signaling cascades. Nutr. Rev. 2015, 73, 348–358. [CrossRef]

10. Fontenot, J.D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 programs the development and function of CD4+ CD25+

regulatory T cells. Nat. Immunol. 2003, 4, 330–336. [CrossRef]
11. Chen, W.; Jin, W.; Hardegen, N.; Lei, K.J.; Li, L.; Marinos, N.; McGrady, G.; Wahl, S.M. Conversion of

peripheral CD4+ CD25− naive T cells to CD4+ CD25+ regulatory T cells by TGF-β induction of transcription
factor Foxp3. J. Exp. Med. 2003, 198, 1875–1886. [CrossRef]

12. Thornton, A.M.; Korty, P.E.; Tran, D.Q.; Wohlfert, E.A.; Murray, P.E.; Belkaid, Y.; Shevach, E.M. Expression
of Helios, an Ikaros transcription factor family member, differentiates thymic-derived from peripherally
induced Foxp3+ T regulatory cells. J. Immunol. 2010, 184, 3433–3441. [CrossRef] [PubMed]

13. Read, S.; Malmström, V.; Powrie, F. Cytotoxic T lymphocyte–associated antigen 4 plays an essential role in
the function of Cd25+ Cd4+ regulatory cells that control intestinal inflammation. J. Exp. Med. 2000, 192,
295–302. [CrossRef] [PubMed]

14. Kaplan, J.; Nolan, D.; Reed, A. Altered lymphocyte markers and blastogenic responses associated with 24
hour delay in processing of blood samples. J. Immunol. Methods 1982, 50, 187–191. [CrossRef]

15. Xiao, S.; Jin, H.; Korn, T.; Liu, S.M.; Oukka, M.; Lim, B.; Kuchroo, V.K. Retinoic acid increases Foxp3+

regulatory T cells and inhibits development of Th17 cells by enhancing TGF-β-driven Smad3 signaling and
inhibiting IL-6 and IL-23 receptor expression. J. Immunol. 2008, 181, 2277–2284. [CrossRef]

16. Cohen, J.L.; Trenado, A.; Vasey, D.; Klatzmann, D.; Salomon, B.L. CD4+ CD25+ immunoregulatory T cells:
New therapeutics for graft-versus-host disease. J. Exp. Med. 2002, 196, 401–406. [CrossRef]

17. Hori, S.; Nomura, T.; Sakaguchi, S. Control of regulatory T cell development by the transcription factor
Foxp3. Science 2003, 299, 1057–1061. [CrossRef]

18. Boehm, F.; Martin, M.; Kesselring, R.; Schiechl, G.; Geissler, E.; Schlitt, H.J.; Fichtner–Feigl, S. Deletion of
Foxp3+ regulatory T cells in genetically targeted mice supports development of intestinal inflammation.
BMC Gastroenterol. 2012, 12, 97. [CrossRef]

19. Yu, N.; Li, X.; Song, W.; Li, N.; Yu, D.; Zeng, X.; Li, M.; Leng, X.; Li, X. CD4+ CD25+ CD127 low/− T cells:
A more specific treg population in human peripheral blood. Inflammation 2012, 35, 1773–1780. [CrossRef]

20. Fu, S.; Zhang, N.; Yopp, A.C.; Chen, D.; Mao, M.; Chen, D.; Zhang, H.; Ding, Y.; Bromberg, J.S. TGF-β induces
Foxp3+ T-regulatory cells from CD4+ CD25− precursors. Am. J. Transplant. 2004, 4, 1614–1627. [CrossRef]

21. Yang, J.; Yang, X.; Li, M. Baicalin, a natural compound, promotes regulatory T cell differentiation. BMC
Complement. Altern. Med. 2012, 12, 64. [CrossRef]

http://dx.doi.org/10.1126/science.166.3906.753
http://www.ncbi.nlm.nih.gov/pubmed/5823314
http://dx.doi.org/10.1084/jem.193.11.1311
http://dx.doi.org/10.1111/j.1365-3083.2009.02308.x
http://dx.doi.org/10.1111/imr.12170
http://dx.doi.org/10.1016/j.autrev.2014.10.012
http://dx.doi.org/10.1038/nm.3432
http://dx.doi.org/10.1007/s00018-009-0026-2
http://dx.doi.org/10.1093/nutrit/nuu066
http://dx.doi.org/10.1038/ni904
http://dx.doi.org/10.1084/jem.20030152
http://dx.doi.org/10.4049/jimmunol.0904028
http://www.ncbi.nlm.nih.gov/pubmed/20181882
http://dx.doi.org/10.1084/jem.192.2.295
http://www.ncbi.nlm.nih.gov/pubmed/10899916
http://dx.doi.org/10.1016/0022-1759(82)90224-1
http://dx.doi.org/10.4049/jimmunol.181.4.2277
http://dx.doi.org/10.1084/jem.20020090
http://dx.doi.org/10.1126/science.1079490
http://dx.doi.org/10.1186/1471-230X-12-97
http://dx.doi.org/10.1007/s10753-012-9496-8
http://dx.doi.org/10.1111/j.1600-6143.2004.00566.x
http://dx.doi.org/10.1186/1472-6882-12-64


Biology 2020, 9, 211 12 of 12

22. Guo, A.; He, N.; Xu, H.-B.; Geng, C.-A.; Zhao, J. Promotion of regulatory T cell induction by
immunomodulatory herbal medicine licorice and its two constituents. Sci. Rep. 2015, 5, 14046. [CrossRef]
[PubMed]

23. Raschack, M. Actions of sparteine and sparteine derivatives on the heart and circulation. Arzneimittelforschung
1974, 24, 753–759. [PubMed]

24. Park, K.S. A systematic Review on anti-inflammatory activity of harpagoside. J. Biochem. Mol. Boil. Res.
2016, 2, 166–169. [CrossRef]

25. Clemo, G.R.; Raper, R.; Short, W.S. 142. The lupin alkaloids. J. Chem. Soc. 1949, 14, 663–665. [CrossRef]
26. Vargas, F.V.V.; Medina-Ceja, L. Sparteine as an anticonvulsant drug: Evidence and possible mechanism of

action. Seizure 2016, 39, 49–55. [CrossRef]
27. Newton, B.W.; Benson, R.C.; McCorriston, C.C. Sparteine sulfate: A potent, capricious oxytocic. Am. J. Obstet.

Gynecol. 1966, 94, 234–241. [CrossRef]
28. Mendel, E.B.; Buring, D.M. Use of oxytocin and sparteine in postpartum hemorrhage caused by uterine

atony. Tex. Med. 1972, 68, 101–103.
29. Gaze, S.; McSorley, H.J.; Daveson, J.; Jones, D.; Bethony, J.M.; Oliveira, L.M.; Speare, R.; McCarthy, J.S.;

Engwerda, C.R.; Croese, J.; et al. Characterizing the mucosal and systemic immune responses to experimental
human hookworm infection. PLoS Pathog. 2012, 8, e1002520. [CrossRef]

30. Kruisbeek, A.M.; Shevach, E.M.; Thornton, A.M. Proliferative assays for T cell function. Curr. Protoc. Immunol.
2004, 60, 3–12. [CrossRef]

31. Jurukovski, V.; Dabovic, B.; Todorovic, V.; Chen, Y.; Rifkin, D.B. Methods for Measuring TGF-β Using Antibodies,
Cells, and Mice; Varga, J., Brenner, D.A., Phan, S.H., Eds.; Humana Press: Totowa, NJ. USA, 2005; Volume 117.

32. Robertson, I.; Rifkin, D.B. Regulation of the bioavailability of TGF-β and TGF-β-related proteins. Cold Spring
Harb. Perspect. Boil. 2016, 8, a021907. [CrossRef]

33. Rathmell, J.C.; Heiden, M.G.; Harris, M.H.; Frauwirth, K.A.; Thompson, C.B. In the absence of extrinsic
signals, nutrient utilization by lymphocytes is insufficient to maintain either cell size or viability. Mol. Cell
2000, 6, 683–692. [CrossRef]

34. Haller, D.; Blum, S.; Bode, C.; Hammes, W.P.; Schiffrin, E.J. Activation of human peripheral blood mononuclear
cells by nonpathogenic bacteria in vitro: Evidence of NK cells as primary targets. Infect. Immun. 2000, 68,
752–759. [CrossRef] [PubMed]

35. Adair, P.R.; Kim, Y.C.; Zhang, A.-H.; Yoon, J.; Scott, D.W. Human tregs made antigen specific by gene
modification: The power to treat autoimmunity and antidrug antibodies with precision. Front. Immunol.
2017, 8, 8. [CrossRef] [PubMed]

36. Jiang, Z.; Chen, Y.; Feng, X.; Jiang, J.; Chen, T.; Xie, H.; Zhou, L.; Zheng, S. Hepatic stellate cells promote
immunotolerance following orthotopic liver transplantation in rats via induction of T cell apoptosis and
regulation of Th2/Th3 like cell cytokine production. Exp. Ther. Med. 2013, 5, 165–169. [CrossRef]

37. Wu, J.; Zhou, J.; He, W.; Luo, G. Mixed lymphocyte reaction induced by multiple alloantigens and the role
for IL-10 in proliferation inhibition. Burn. Trauma 2014, 2, 24–28. [CrossRef]

38. Yu, P.; Gregg, R.K.; Bell, J.J.; Ellis, J.S.; Divekar, R.; Lee, H.-H.; Jain, R.; Waldner, H.; Hardaway, J.C.;
Collins, M.; et al. Specific T regulatory cells display broad suppressive functions against experimental allergic
encephalomyelitis upon activation with cognate antigen. J. Immunol. 2005, 174, 6772–6780. [CrossRef]

39. Huang, T.H.; Tran, V.H.; Duke, R.K.; Tan, S.; Chrubasik, S.; Roufogalis, B.; Duke, C.C. Harpagoside
suppresses lipopolysaccharide-induced iNOS and COX-2 expression through inhibition of NF-κB activation.
J. Ethnopharmacol. 2006, 104, 149–155. [CrossRef]

© 2020 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/10.1038/srep14046
http://www.ncbi.nlm.nih.gov/pubmed/26370586
http://www.ncbi.nlm.nih.gov/pubmed/4408029
http://dx.doi.org/10.17554/j.issn.2313-7177.2016.02.27
http://dx.doi.org/10.1039/jr9490000663
http://dx.doi.org/10.1016/j.seizure.2016.05.010
http://dx.doi.org/10.1016/0002-9378(66)90469-8
http://dx.doi.org/10.1371/journal.ppat.1002520
http://dx.doi.org/10.1002/0471142735.im0312s60
http://dx.doi.org/10.1101/cshperspect.a021907
http://dx.doi.org/10.1016/S1097-2765(00)00066-6
http://dx.doi.org/10.1128/IAI.68.2.752-759.2000
http://www.ncbi.nlm.nih.gov/pubmed/10639443
http://dx.doi.org/10.3389/fimmu.2017.01117
http://www.ncbi.nlm.nih.gov/pubmed/28983300
http://dx.doi.org/10.3892/etm.2012.801
http://dx.doi.org/10.4103/2321-3868.126088
http://dx.doi.org/10.4049/jimmunol.174.11.6772
http://dx.doi.org/10.1016/j.jep.2005.08.055
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Donor Blood 
	Reagents 
	Natural Molecule Discovery 
	Real-Time q-PCR 
	Flow Cytometry 
	Cytokine Quantitation 
	Allogeneic Mixed Lymphocyte Reaction (MLR) 
	Statistical Analysis 
	Ethics Statement 

	Results 
	SS and Harp Induced the Expression of Luciferase in the FoxP3 Reporter Cell Line 
	Cytotoxicity of SS and Harp on PBMCs In Vitro 
	Harp and SS Upregulate Expression of mRNA for Treg Cell Markers In Vitro 
	Harp and SS Increase Percentege of CD4+CD25+ Treg Cells in PBMCs In Vitro 
	SS and Harp Induced the Production of the Anti-Inflammatory Cytokine IL-10 
	Harp and SS Are Able to Suppress T Cell-Mediated Allogeneic MLR 

	Discussion 
	Conclusions 
	References

