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Abstract:

Background:

Systemic lupus erythematosus (SLE) is a complex autoimmune disease recognized by elevated activity of autoimmune cells, loss of tolerance, and
decreased regulatory T cells producing inhibitory cytokines. Despite many efforts, the definitive treatment for lupus has not been fully understood.
Curcumin (CUR) and berberine (BBR) have significant immunomodulatory roles and anti-inflammatory properties that have been demonstrated in

various studies. This study aimed to investigate the anti-inflammatory properties of CUR and BBR on human monocyte-derived dendritic cells
(DCs) with an special focus on the maturation and activation of DCs.

Methods:

Human monocytes were isolated from the heparinized blood of SLE patients and healthy individuals, which were then exposed to cytokines (IL-4
and GM-CSF) for five days to produce immature DCs. Then, the obtained DCs were characterized by FITC-uptake assay and then cultured in the
presence of CUR, BBR, or lipopolysaccharide (LPS) for 48 h. Finally, the maturation of DCs was analyzed by the level of maturation using flow
cytometry or real-time PCR methods.

Results:

The results showed promising anti-inflammatory effects of CUR and BBR in comparison with LPS, supported by a significant reduction of not

only co-stimulatory and antigen-presenting factors such as CD80, CD86, CD83, CD1a, CD14, and HLA-DR but also inflammatory cytokines such
as IL-12.

Conclusion:

CUR and BBR could arrest DC maturation and develop a tolerogenic DC phenotype that subsequently promoted the expression of inhibitory
cytokines and reduced the secretion of proinflammatory markers.
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1. INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex
autoimmune disease characterized by autoantibody production,
histiocytic infiltration, and organ dysfunction ranging from
mild manifestations to seriously life-threatening complications
[1, 2]. Beyond autoantibodies, SLE is determined by immune
complex deposition, deregulated cytokine production, and
recruitment of self-reacting T cells [3]. Pathogenically, the
abnormal immune responses in SLE might be started by the
activation of innate immunity accompanied by the recruitment
of dendritic cells (DCs) to produce interferon o (IFNa),
contributing to immune homeostasis [4]. DCs, powerful
antigen-presenting cells (APCs), could establish a link between
innate and adaptive immunity. In addition, these cells could
present antigens, for example, self-antigens, to the T cells
followed by triggering immune responses, either immune
silence or immune activation, which uncovers the
etiopathogenetic role of DCs in SLE supported by several
studies [4, 5]. In this regard, immature and tolerogenic DCs
affect immunomodulation by upregulation of inhibitory
cytokines like IL-10, enhancement of transcription factors such
as Indoleamine 2,3-dioxygenase (IDO), decrease of
inflammatory cytokines like IL-12, and induction of Treg cells.
DCs can also develop immunomodulation by changing the
expression of their surface antigens, such as HLA-DR, CD80,
CD86, CDla, and CD83 [6 - 8]. As a result, DCs could be
introduced as the pharmacological target of interest to develop
novel therapies by elevating their tolerogenicity and reducing
their immunogenicity. Current SLE treatment strategies, such
as traditional immunosuppressants, are generally associated
with not only multiple side effects, such as susceptibility to
opportunistic pathogens and infections but also tolerability
points worsening the disease condition [9], which propel the
investigators to find more applicable alternative approaches [10
- 12].

Curcumin (CUR), a well-introduced natural compound, is
a lipophilic polyphenol substance isolated from Turmeric, a
curry spice originating from India [13]. Of note, this compound
has been found to have various pharmacological activities,
including anti-inflammatory and immunomodulatory effects.
The noteworthy insight into the immunomodulatory features of
CUR arises from its effects on DCs and the consequent
reduction of the presentation of surface markers and secretion
of IL-12 alongside the maintenance of immature DC
phenotypes [14 - 17]. Based on this, CUR can induce
maturation-arrested DCs, resulting in improved function of
regulatory T cells [18]. Additionally, berberine (BBR) is
another important natural compound recognized as an
isoquinoline alkaloid. This substance could be extracted from
cypress needles and Coptis chinensis [19]. BBR exerts
surprising immunoregulatory effects mediated by decreased
expression of inflammatory cytokines, including IFN-y, IL-2,
and IL-17 [20].

In an attempt to investigate the therapeutical potential of
CUR and BBR on SLE, the current study was designed to
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examine the anti-inflammatory and immunomodulatory effects
of CUR and BBR in the SLE setting regarding their influence
on the induction of tolerogenic DCs, which could open a
practical window to manage overactive immunity in SLE.

2. MATERIALS AND METHODS

2.1. Isolation of Peripheral Blood Mononuclear Cells
(PBMCs)

Blood samples (20 mL) were obtained from SLE patients
and healthy controls, 3 volunteers in each group, and collected
in a heparin tube. The SLE patients who had positive
antinuclear antibody (ANA) and anti-double-stranded DNA
were enrolled in the study before the administration of
glucocorticoids and immunosuppressive drugs. All patients
with SLE fulfilled at least four points of the revised
classification College of
Rheumatology (revised criteria of 1997). All SLE patients were
newly diagnosed. All protocols used in this study were
approved by the Ethics Committee of Mashhad University of
Medical Sciences (Mashhad, Iran). SLE patients were recruited
consecutively from the Rheumatology Centre. All participants
signed a written informed consent form prior to participation in
the study. To isolate PBMCs, blood samples were subjected to
the Ficoll Hypaque (Cedarlane, Toronto, Canada) density
gradient centrifugation. Then, the plastic adhesion method was
applied to purify monocytes from PBMCs. Briefly, PBMCs
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were seeded in 24-well plates (1x10° cells/mL) and
resuspended in the fresh RPMI-1640 medium (BioSera,
London, UK) supplemented with 10% fetal bovine serum
(FBS; GIBCO, UK), 100 LU.mL Penicillin, 100 ug/ml
streptomycin, and L-glutamine (Sigma-Aldrich, USA). Next,
the cells were incubated in 5% CO, at 37°C for 2 h, removing
non-adherent cells (lymphocytes and platelets) and thoroughly
washing with PBS.

The expression levels of monocyte markers, CD14 and
CD45, were examined by flow cytometry to evaluate the purity
of isolated monocytes. In this regard, single cells were
incubated with CD45 FITC/CD14R-PE, mouse 1gG1 isotype
(IQProducts, Groningen, The Netherlands) in phosphate-
buffered saline (PBS) at 4°C for 1 h. In the final step, the
labeled cells were evaluated by fluorescence-activated cell
sorting (FACS) Calibur flow cytometer, and the results were
analyzed by the Flowjo 7.6.2 software (Tree Star, Ashland,
OR) [8].

2.2. Production of Immature DCs

Recombinant human cytokines, IL-4 and GM-CSF (RD,
Minneapolis, MN, USA), were used to produce monocyte-
derived immature DCs (IDC). For this purpose, isolated
monocytes were cultured in a 24-well plate at the density of
2x10° cells/well and treated with complete RPMI-1640
medium containing IL-4 (10 ng/ml) and GM-CSF (10 ng/ml).
Fifth day posttreatment, the IDCs were detached from the
plastic surface and analyzed for expression of antigen-
presenting molecules HLA-DR and CD1a, the co-stimulatory
molecules CD86 and CD80, as well as CD14 as a monocyte
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marker using flow cytometry. These cells were also evaluated
for IL-12, IL-10, and IDO expression by real-time PCR
method. After characterization, the obtained IDCs were used
for subsequent tests [8].

2.3. Treatment of IDCs with CUR and BBR

To investigate the effects of CUR and BBR alone on the
maturation of IDCs, the cells were seeded at the density of
2x10° cells/well in the presence of IL-4 (10 ng/ml) and GM-
CSF (10 ng/ml) in four different conditions as follows; CUR
(20 uM), BBR (20 pM), LPS as positive control (100 ng/ml;
Sigma-Aldrich, USA). For the curcumin and berberine groups,
the cells were first activated by LPS incubation and then
matured into DCs for further experiments with curcumin and
berberine over a period of 48 hours. Of note, DC maturation
was assessed for both cells derived from healthy subjects and
SLE individuals.

2.4. FITC-dextran Uptake Assay

FITC-dextran uptake assay was applied to check the
phagocytosis potential and antigen uptake of IDCs. IDCs
(2x10%) were incubated with FITC dextran (Img/mL, mol. wt.
40,000; Sigma) for 2 h at 37°C. Then, cells were washed twice
with PBS to remove extra FITC dextran dye. Finally, the
amount of FITC uptake was measured by flow cytometry and
analyzed by Flowjo software [8].

2.5. Analysis of Surface Markers

Surface markers of IDCs and MDCs were examined on the
fifth and seventh days posttreatment. In brief, the cells were
collected at the number of 1x10°/100 pl, and then isotype tubes
were incubated with 10 pl of FITC-PE isotype. While test
tubes were treated with 10 pl of CD80 FITC, CD83 FITC (Bio-
Rad, Endeavour House, UK), CD14 PE, anti-HLA-DR-PE,
CDla PE, CD86 FITC (IQProducts, Groningen, The
Netherlands) for one hour at 4°C. Then, the expression of
various markers was read by flow cytometry and analyzed by
Flowjo software.

2.6. RNA Isolation and Real-time PCR

Total RNA was extracted from both IDCs and CUR/BER
matured DCs by the Tripure Isolation Reagent kit (Roche,
Germany) according to the company's protocol. Then, RNA
samples were subjected to reverse transcription using
PrimeScript™ RT reagent Kit (Takara, Japan). Relative real-
time PCR of the desired markers, including inflammatory

Table 1. The primer sequences of real-time PCR.
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molecules (IDO), anti-inflammatory cytokine (IL-10), and
proinflammatory factors (IL-12) (Table 1), was done in Rotor-
gene Q (Qiagen, Germany) using SYBR Green (Takara, Japan)
as indicator dye. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. Finally, the 2—ACt
method was used to evaluate the mRNA expression changes in
genes of interest.

2.7. Statistical Analysis

All tests were accomplished in triplicate, and data were
expressed as the meantstandard deviation (SD). The statistical
analysis was performed using SSPS 11.5 (IBM company,
Armonk, NY) and Prism 6 (GraphPad Software, San Diego,
CA). ANOVA and complementary Tukey and Bonferroni tests
analyzed significant associations between means of groups. P <
0.05 was considered statically significant.

3. RESULTS

3.1. Isolation and characterization of monocytes

Monocytes were isolated from PBMCs via adhesion
features resulting in 21.5% purity as evidenced by the
relatively high expression (86.4%) of monocyte markers
(CD45 and CD14) (Fig. 1A, B).

3.2. Production and Characterization of IDC

The culture of isolated monocytes in the presence of GM-
CSF and IL-4 cytokines led to the production of floating IDCs
5 days posttreatment. Morphologically, the resulting IDCs had
a denticulate round shape rather than a spherical phenotype of
monocytes (data not shown). To ensure the ability of IDCs to
uptake antigens, IDCs were incubated with FITC-dextran, and
the results of flow cytometry analysis confirmed that more than
95.9% of the IDCs could uptake dextran, indicative of the
potential of these cells to uptake CUR and BBR (Fig. 2A). To
further verify the production of IDCs, the expression of
different surface markers was analyzed by flow cytometry. The
results were in favor of monocyte differentiation to IDCs as it
was demonstrated by high expression of HLA-DR (66%) and
CD86 (64.6%), low level of CDS80 (15.6%), moderate
expression of CD1a (33%), low secretion of CD83 (15.3%) as
a DC maturation marker, and very low level of CD14 (7.6%) as
monocyte marker (Table 2). In addition, the identity of IDCs
was more verified by a significant increase of /DO expression
compared to IL-12 and IL-10 (P < 0.0001). In contrast to /L-10,
the expression of /L-12 was slightly increased (Fig. 2B).

Primers Sense Primer Anti-sense Primer
Human IDO 5'- TGTGGCAGCAACTATTATAAGATG-3'| 5'- GGTACTCTTTACTGATTGTCCAG-3'
Human IL-12 5'- CGCAGCCTCCTCCTTGTG-3' 5'- GCAACTCTCATTCTTGGTTAATTCC-3'
Human 1L-10 5'- GGACTTTAAGGGTTACCTGG-3' 5'- GTCTGGGTCTTGGTTCTC-3’
Human GAPDH 5'-TGAAGGGGTCATTGATGGCA -3’ 5'-AAGGTCGGAGTCAACGGATTT -3’
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Fig. (1). Characterization of isolated monocytes. Flow cytometry analysis showed that the purity of monocytes in the PBMC population was 21.5%
(A), and the frequency of the CD45 "and CD14 "subsets “monocytes” was 86.4% after sorting (B).
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Fig. (2). Characterization of monocyte-derived immature DCs. (A) the results of the flow cytometry analysis showed that more than 95% of the
immature DCs were able to uptake dextran-FITC. (B) Expression analysis of cytokines in DCs demonstrated significantly increased expression of
IDO compared to /L-10 and IL-12. Data are shown as mean + SD. ***_ **** indjcate, respective P-values of <0.001 and <0.0001 between groups.

Table 2. Expression of cell surface markers in the immature dendritic cell (IDCs) subsets.

CD Marker Expression (%)
HLA-DR 66 +2
CD86 64.6 +3
CD14 7.6 +1.1
CD83 153+2
CDla 33+6
CD80 15.6 +3.7
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3.3. The Effects of CUR and BBR on IDC Maturation

To determine the effects of CUR and BBR on the
development of MDCs, the IDCs derived from healthy and
patient subjects were separately treated with these compounds
alongside the above-mentioned cytokines (IL-4 plus GM-CSF).
The results of flow cytometry analysis showed that the
expression of CD14 marker, a monocyte factor, was notably
decreased in cells matured with CUR and BBR compared to
LPS control (P < 0.0001); however, this difference was not
significant between healthy and SLE groups (Fig. 3A - F).
Likewise, CD86 expression, a co-stimulatory factor, was
substantially decreased in IDC-derived from healthy and SLE
subjects matured with CUR and BBR in comparison with LPS
(healthy CUR and BBr vs. healthy LPs [p =0.0001], SLE-CUR
vs. SLE-LPS [p = 0.0005], SLE-BBR vs. SLE-LPS [p <
0.005]). HLA-DR, an antigen-presenting molecule, showed
that its expression was reduced during IDC maturation in the
presence of CUR and BBR in both healthy and lupus samples

A

CD14
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compared with the LPS group (p = 0.0001). Although the
expression of the CD80 marker, a co-stimulatory factor, was
significantly lessened in healthy-derived IDCS incubated with
CUR and BBR in comparison to the LPS group (p < 0.005), its
level just showed a significant reduction in CUR-treated cells
compared to LPS group (p < 0.005). Analyzing the results of
CDB83 expression, a DC maturation marker, demonstrated that
CUR and BBR treatment could not only noticeably reduce the
amount of CD83 secretion in the healthy group (respectively,
p=0.0001 and p < 0.05), but also this difference was noticeable
between CUR and BBR treatment (p < 0.005). In contrast to
BBR, CD83 was notably reduced in SLE-derived cells in the
presence of CUR (p < 0.005). Likewise, CUR - and BBR-
treated DCs significantly downregulated the expression of
CDla compared to LPS in both healthy and SLE-derived cells
(healthy CUR and BBR vs healthy LPS [respectively, p =
0.0001 and p < 0.05], SLE-CUR and-BBR vs SLE-LPS
[respectively, p < 0.005and p < 0.05]).
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Fig. (3). CUR and BBR attenuated the expression of co-stimulatory, antigen-presenting, and maturation markers in human DCs derived from
monocytes. Flow cytometry was used for measuring the levels of (A) CD14, (B) CD86, (C) HLA-DR, (D) CD80, (E) CD83, and (F) CDla. *, **,
kR indicate respectively P-values of < 0.05, <0.01, <0.001, and <0.0001 between groups.

To study the effects of CUR and BBR on the maturation
process of IDCs in more detail, the mRNA levels of IL-12,
IL-10, and IDO were evaluated by RT-qPCR. In LPS-treated
DCs, the level of IL-12 was more than IDO and IL-10 (P-
values <0.001). In curcumin/berberine-treated DCs, elevated
levels of IDO and IL-10 were demonstrated in comparison with
IL-12 but were not significant, respectively (P = 0.5699, P =

0.0983). (Fig. 4A - C) (Healthy people). The comparison of
IDO, IL-12, and IL-10 levels between LPS, Curcumin, and
Berberine-treated DCs showed that the level of IDO and IL10
in both CUR/BER was increased compared to LPS. A
significant increase was observed in the BER group,
respectively (P-values <0.0155, P-values <0.0022) In spite of
IL-12 that showed a significant reduction (P-values
<0.0239)(Fig. 4A - C)(SLE patient).
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Fig. (4). CUR and BBR, in contrast to LPS, enhanced regulatory cytokine expression in treated DCS. In comparison with LPS, the real-time PCR
displayed upregulation of IDO and IL-10 in DC treated with CUR and BBR. The increase in expression is evident, although the level of significance
was not observed in all groups. Data are shown as mean + SD, *** indicates P-values of <0.001, ** P-value <0.0022, * P-values <0.0155 between

groups. ABS: healthy people, abc: SLE patient.

4. DISCUSSION

Accumulating  evidence have demonstrated the
effectiveness of CUR in alleviating the effects of several
diseases, including SLE, by affecting various types of immune
cells. Amongst them, it can refer to modulation of Thl, Th17,
DCs, and Treg cells [16]. As well, BBR exhibits astonishing
immunoregulatory effects and therapeutic function in SLE
[21]. Based on this, the current study aimed to produce
tolerogenic and non-inflammatory DCs using CUR and BBR.
The results showed that IDC could be derived from co-culture
of monocytes with IL-4 and GM-CSF, 5 days posttreatment
which was approved by loss of monocyte adhesion and floating
cells. Likewise, median expression of CDla and high
expression of CD86 and HLA-DR, alongside with the low
amount of CD14 were other reasons confirming dendritic
differentiation. It should bring to light that the expression of
co-stimulators on the DCs surface has great type of importance
in the activation of other immune cells.

In a similar study, Sim et al. generated DC under
comparable conditions, as evidenced by low CD14 expression,
high secretion of CD86 and HLA-DR, and a below-average
production of CD83 consistent with our findings [22]. Our
study's analysis of gene expression revealed that IDC could
express high levels of IDO and low amounts of IL-12 and
IL-10. In this regard, several studies have demonstrated the
role of IDO as a negative regulator of the immune response
[23]. According to a study by X.An et al., the expression of
IDO in IDC led to accelerated apoptosis in Th2 cells and
reduced allergic inflammation [24]. Since the uptake of CUR
or BBR is necessary for the maturation of IDCS, our findings
pointed out that all IDCs had the ability to uptake dextran-
FITC. Similarly, Zhu et al. found that monocyte-derived DCs
used for psoriasis treatment were able to uptake dextran-FITC
dye as a measurable standard dye [25]. As well, Tarte et al.
exhibited the ability of cytokine-produced IDCs to uptaking
antigen and tumor apoptotic bodies [26]. In the current
research, the results of treating monocyte-derived IDC with

CUR or BBR alongside IL-4 plus GM-CSF for 48 h resulted in
the production of tolerogenic and non-inflammatory DCs. In
healthy subjects, LPS-matured DCs increased co-stimulator
expression, which seems rational because MDCs are more
suppliers and activators than IDCs. Moreover, the maturation
process was confirmed via the notable expression of CD83,
known as the DC maturation marker. Besides, the commitment
of monocytes to mature DC was approved by high levels of
CDla and low expression of CD14, which is similar to the
results of the Slobodin et al. study [27]. Moreover, enhanced
expression of /L-12 and decreased levels of /DO and IL-10 in
LPS-matured DCs of lupus case subjects were in agreement
with the characteristics and phenotypes of these inflammatory
cells. Since immuno-stimulants, LPS activates inflammatory
pathways through TLR4, leading to the production of
inflammatory mediators, inflammatory cell formation increases
the amount of inflammatory cytokine, IL-12, and reduces the
expression of inhibitory cytokines, IL-10 and IDO.
Accordingly, Rigby et al. showed that LPS-stimulated DCs
express high amounts of IL-12, while the levels of IL-10 were
decreased [28]. It has been demonstrated that CUR could evoke
immunomodulatory effects via suppressing proinflammatory
cytokines like IL-12 in macrophages, splenic lymphocytes,
DCs, and monocytes activated by LPS [29]. To some extent,
the positive effects of CUR on human health could be
explained by its capacity to elevate IL-10 expression [30]. As a
result, CUR could block the response of DCs to
immunostimulatory agents via inhibition of cytokines,
maturation markers, and chemokine expression [20]. On the
other hand, the therapeutic potential of BBR on autoimmune
problems could be derived by the blockade of Th1/Th17 cells'
inflammatory responses via IL-10 upregulation and IL-12
down-regulation [31]. In this regard, Hu et al. reported that
BBR could selectively stimulate apoptosis in IL-12-producing
DCs and shorten the DC lifespan [32]. Although our findings
revealed that BBR had better effects on enhanced expression of
IDO and IL-10 than that of CUR, the exact reasons behind
these differences need to be uncovered. The cells of lupus
erythematosus have a specific phenotype that differs from that
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of healthy individuals due to their genetic predisposition to
SLE as well as frequent inflammation in the patient's body. The
results of LPS-matured DCs isolated from SLE patients
showed a reduction of CD1a and CD83 expression along with a
little enhancement of co-stimulators (CD86 and HLA-DR)
compared to healthy LPS-produced MDCs, which the different
phenotypes of DC precursors could explain. In accordance with
our results, Migita et al. demonstrated no special differences in
TLR4 expression of lupus case-derived CD14" monocyte cells
in spite of reduced TLR2 compared to healthy subjects-derived
cells [33]. Molecularly, TLR4 is not only the main target of
LPS but also substantial for the complete use of inflammatory
responses. So, the reduction of TLR2 probably lessened the
effects of LPS on DC maturation, which provides a plausible
explanation for the difference between LPS-produced MDC in
healthy and lupus cases. In more detail, Mozafarian et al.
research displayed that monocyte-derived DCs from healthy
subjects could increase the amounts of PDL1 and CTLA-4, 24
h-post stimulation in contrast to cells derived from lupus
patients [34].

Mature DCs express co-stimulatory factors (CD86, CD83),
antigen-presenting molecules (HLA-DR), and inflammatory
cytokines (IL-12, IL-10) on their surface. So, impairment of the
antigen-presenting apparatus of DCs hampered the T cells'
imitated response [14]. In this context, our findings
demonstrated that CUR and BBR-matured DCs downregulated
CD86, CD80, CD83, CDla, and HLA-DR. These findings
were along with the Kim et al. study [15], which showed CUR
inhibits the immunostimulatory activity of murine bone
marrow-derived cells [14]. In the other part of our
investigation, it was shown that administration of CUR and
BBR to monocyte-derived DCS from SLE cases resulted in
significant expression of CD83 and CDla compared to cells
from healthy individuals, which may be due to the original cell
source and the influence of CUR and BBR on the cellular
characteristics. In particular, lupus cells become more
genetically accessible due to the ongoing inflammation in lupus
patients. Although the exact mechanism by which CUR affects
immune cells is not fully understood, there is evidence that
CUR and BBR have inhibitory effects on the immune response.
12)). Consistent with our data, other studies highlight the
potent function of CUR in suppressing CD86, CD80, and
MHC-II on the DC surface, thereby attenuating immune
stimulation [15]. Mechanically, CUR affects dendritic cells
through the JAK/STAT signaling pathway and the transcription
factors AP1 and NF-«xB [35]. Additionally, DC subsets showed
similar sensitivity to proapoptotic effects of BBR in a way that
the ratio of mature to immature DCS selectively reduced
following BBR treatment, an indicative role of BBR on DC
departure, which is accompanied with production of reactive
oxygen species (ROS), mitochondrial depolarization, and
caspase 3 activation [32]. Since mature DCs play crucial roles
in pathogenic inflammation and immune responses in
rheumatoid arthritis (RA), BBR-induced apoptosis in mature
DCs provides a major mechanism of immunomodulation that
can account, at least in part, for the immunosuppressive and
antiarthritic impacts observed in animal models of RA [32].

CONCLUSION

The results of this research may facilitate improved
management of unwanted inflammation associated with SLE,
given the importance of natural compounds as immuno-
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modulators. On the basis of our observations, our hypothesis is
that CUR and BBR may have a disruptive effect on the
inflammatory process by promoting the production of
tolerogenic DCs. In addition, a more detailed understanding of
the immunosuppressive mechanism behind the action of CUR
and BBR is necessary for their clinical application as new anti-
inflammatory agents. In addition, further studies will be
conducted to optimize the bioavailability and physicochemical
properties of CUR and BBR. This will help to establish them as
effective adjuvant modulators.
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