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Abstract
The anti-inflammatory role of macrophages in apoptotic cells (ACs) clearance is involved in Systemic Lupus Erythematosus
(SLE) pathogenesis. The efferocytic capability of macrophages is altered by M1/M2 polarization. Histone deacetylase inhibitors
(HDACi) are proposed to enhance the expansion of M2 macrophages. Sodium valproate (VPA) is an HDACi with different anti-
inflammatory properties. Here, we aimed to investigate the effects of HDACi by VPA on the polarization of monocyte-derived
macrophages (MDMs) and regulating the expression of anti-inflammatory cytokines in SLE. We studied the ex vivo alterations
of MDMs among 15 newly diagnosed SLE patients and 10 normal subjects followed by ACs and VPA treatments. M1/M2
polarization was assessed by expression of CD86/CD163, IL1-β, IDO-1, andMRC-1 among treated and non-treatedMDMs.We
also evaluated the production of IL-10, IL-12, TGF-β1, and TNF-α cytokines in the cell culture supernatants. CD163 was
overexpressed upon VPA treatment, while CD86 showed no significant change. IL1-β and IDO-1 genes were significantly
downregulated, and the mRNA expression of MRC-1 was increased among VPA-treated MDMs of SLE patients. The anti-
inflammatory cytokines (IL-10 and TGF-β1) were overproduced while TNF-α level was decreased in response to VPA. The
population of classically activated macrophages was more prevalent among SLE patients and efferocytosis was defected. VPA
could successfully enhance the anti-inflammatory immune response through alternative activation of MDMs in SLE patients.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic inflammato-
ry autoimmune disorder inwhich the immunological tolerance

is disrupted [1]. Numerous factors including genetic predispo-
sition [2], environmental [3] and specific infectious agents [4]
have been proposed to be involved in SLE initiation.
However, the underlying molecular mechanisms for SLE
pathogenesis still remain undiscovered. Effective immuno-
suppressive pathways are needed to control the rate of im-
mune complex formation and balance the immune response
[5], as defective regulatory manners could lead to a lasting
inflammation and so damages of vital organs [6, 7]. The ac-
cumulation of apoptotic cells within the inflammatory milieu
and overexpression of lupus autoantigens on the surface of
apoptotic blebs is a common phenomenon in SLE deteriora-
tion [8]. Thus, an efficient apoptotic cell removal system with
anti-inflammatory properties is crucial for immune regulation.

Macrophages are specialized phagocytic cells which are
involved in immune response modulation and clearance of
apoptotic and damaged cells [9]. This removal process is nor-
mally associated with the upregulation of anti-inflammatory
and downregulation of pro-inflammatory cytokines and
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mainly accomplished by alternatively activated (M2) macro-
phages [10], which is called Befferocytosis^ [11, 12]. We pre-
viously showed that alternative activation is defected among
monocyte-derived macrophages (MDMs) of SLE patients,
and subsequent deregulations in the production of immuno-
regulatory cytokines could be introduced as an underlying
mechanism in SLE pathogenesis [13]. Thus, exploring effec-
tive molecules on macrophage polarization could be benefi-
cial for the development of gene-specific therapeutic ap-
proaches in SLE patients. Various pathways have been sug-
gested to be involved in the modulation of macrophage polar-
ization including peroxisome proliferator-activated receptor
gamma (PPAR-γ) [13, 14], Aryl hydrocarbon Receptor
(AhR) [15], cAMP/CREB [16], liver X receptor (LXR),
retinoic acid receptor (RAR), retinoid X receptor (RXR)
[17], and glucocorticoid receptor (GR) [18]. The transcrip-
tional control of genes involved in apoptotic cell recognition
and internalization, such as Cd36, Mertk, Axl, C1qa, Tgm2,
and Abca1 [17], could be considered as underlying
mechanisms.

Epigenetic mechanisms which are typically mediated
by post-translational modifications have been recently
considered in the regulation of macrophage polarization
[19]. Histone modification is an epigenetic process by
which the gene transcription and consequent biological
responses are cont ro l led . Inhibi t ion of h is tone
deacetylases (HDACs) is introduced to possess anti-
inflammatory properties over immune cells [20].
Previous studies suggested that histone deacetylation by
specific ligands such as Sodium valproate (VPA) could be
involved in macrophage polarization [21]. Indoleamine 2,
3-dioxygenase (IDO) which is a tryptophan metabolizing
enzyme and suppressor of T lymphocyte activity is
overexpressed among SLE patients [7]. Although HDAC
inhibitors have been introduced as modulators of IDO
function [22], there is no evidence indicating the role of
HDACi on IDO activity in SLE.

Moreover, there is lack of evidence highlighting the role of
HDACi by VPA on improving the immunoregulatory proper-
ties of macrophages among SLE patients. Therefore, the pres-
ent study was conducted to examine the ex vivo effects of
histone deacetylation inhibition by VPA on the polarization
of MDMs and regulating the expression of anti-inflammatory
cytokines among SLE patients in comparison to normal
subjects.

Materials and methods

Patients and controls

A total of 15 newly diagnosed SLE patients were enrolled
from Rheumatology Department, Sayyad Shirazi

Educational Hospital, Gorgan, Iran. The presence and severity
of disease was approved by a specialist according to clinical
and/or laboratory information. Blood samples of ten age-
matched healthy donors were also used as controls. All pa-
tients and control subjects were female, and an approved in-
formed consent following the declaration of Helsinki [23] was
signed and taken from all participants. Each SLE patient with
an active infection or inflammation history within last
6 months, pregnancy, receiving anti-TNF therapies during last
3 months, or taking glucocorticoids in the previousmonth was
excluded.

Culture and differentiation of monocyte-derived
macrophages and treatments

A total volume of 15-mL sterile whole blood was taken
from all participants, transferred to the Cell Culture
Laboratory, and peripheral blood mononuclear cells
(PBMCs) were immediately isolated using Ficoll-Paque
gradient centrifugation [24]. A modified attachment meth-
od was used to enrich monocytes, as previously described
[25]. Enriched monocytes were cultured in RPMI 1640,
supplemented with 10% Fetal Bovine Serum (FBS)
(Gibco, Life Technologies, USA), stimulated with human
Granulocyte-macrophage colony-stimulating factor (GM-
CSF) (10 ng/ml), and also human macrophage colony-
stimulating factor (M-CSF) (Biolegend, San Diego, CA,
USA) (100 U/ml) for 6 days until differentiation into
MDMs. MDMs were then treated with 2 mM VPA
(Sigma, USA) at the beginning of the differentiation pro-
cess (Day 4). The apoptotic cells were prepared using
UVB-irradiation of Human Jurkat cells (National Cell
Bank of Iran, Pasteur Institute, Iran) with minor modifi-
cations [13]. 3–4 × 106 apoptotic cells were added to
MDMs at the beginning of day 6 and incubated for 16–
18 h.

ELISA cytokine assay

Commercially available ELISA kits (eBioscience, San Diego,
USA) were used to evaluate the secretion level of pro-
inflammatory (TNF-α, IL-12) and anti-inflammatory (IL-10
and TGF-β1) cytokines in supernatant of MDM cell cultures.
The results were reported as picograms of cytokines per mil-
liliter. The optical density of all samples was obtained using
Biotek ELISA reader ELX800 (Biotek, USA) at the wave-
length of 450 nm. M2 polarization was further quantified
using IL-10/IL-12 and TGF-β1/TNF-α ratios [26].

Flowcytometry

A modified method using ice-cold 5 mM EDTA was ap-
plied to detach MDMs from tissue culture plates [13].
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Flowcytometric immunophenotyping of MDMs was con-
ducted by intracellular staining with FITC-conjugated an-
ti-human CD68 antibody (Biolegend). We also quantified
the intensities of PE-conjugated anti-human CD86
(Biolegend) and PerCP/Cy5.5-conjugated anti-human
CD163 (Biolegend) antibodies among CD68 positive
MDMs. The efficiency of M2 polarization was defined
by determining the CD163/CD86 ratios in response to
each treatment [26]. BD Accuri flow cytometer (BD
PharMingen, San Diego, CA) and BD Accuri C6 Flow
analysis software were employed to analyze samples.

RNA extraction and real time RT-PCR

Total RNA extraction from detached MDMs was conducted
using Biozol (Bioer, Hangzhou, China) according to the man-
ufacturer’s protocols. One microgram of total RNA was re-
verse transcribed to cDNA with random hexamer primers
(Bioron, Germany) followed by DNaseІ treatment
(CinnaGen, Iran). Real-time RT-PCR was conducted using
Bioer Real-time PCR detection system and SYBR green mas-
ter mix (Bioron). 18s ribosomal RNA (18s rRNA) was used as
an internal control for gene expression normalization. Gene-
specific primers which were designed and evaluated to span
exon-exon junctions are summarized in Table 1. 2-ΔCt method
was used to calculate the mRNA expression level for each
combination.

Statistical analysis

Data were demonstrated as means ± SE (standard error) for
normally distributed values and medians ± IQR (interquartile
range) for skewed variables. Statistical software SPSS 22.0
and Graphpad Prism 5.04 were used for data analysis and
preparation of graphs. One-way ANOVA with Tukey’s post
hoc test or nonparametric Kruskal-Wallis with Dunn-
Bonferroni post hoc tests were used to compare the means
of multiple samples. All of the experiments were repeated in
triplicates. P-values lower than 0.05 were considered as sta-
tistically significant.

Results

VPA alters the expression of M1 and M2 cell surface
markers

In order to address the status of alternative activation in each
combination, the expressions of M1 and M2 cell surface
markers (CD86 and CD163) were assessed among CD68+

macrophages using flowcytometric immunophenotyping
(Fig. 1a). Macrophages of normal subjects expressed lower
levels of CD86 in comparison to SLE patients (P < 0.0001).
CD86 was significantly upregulated among Jurkat apoptotic
bodies (JAB)-treated macrophages in both groups of patients
(P < 0.0001) and normal subjects (P < 0.0001). VPA-
treatment of SLE patient MDMs decreased the expression of
CD86 in these cells (P < 0.0001) (Fig. 1b). The expression of
CD163 was higher among MDMs of normal subjects com-
pared to the patients in all combinations. CD163 was signifi-
cantly overexpressed upon VPA treatment among MDMs of
SLE patients (P < 0.0001) in comparison to JAB-treated mac-
rophages (Fig. 1c).

The expression of pro-inflammatory cytokines is
decreased upon VPA treatment

The immunomodulatory effects of VPA on the expression
profile of major pro- and anti- inflammatory cytokines
were investigated by ELISA cytokine assay on the cell
culture supernatants. Untreated macrophages of healthy
subjects expressed higher levels of IL-10 (P < 0.001).
Although JAB-induced MDMs showed decreased
amounts of IL-10, VPA treatment could successfully in-
crease IL-10 level among MDMs of SLE patients (P =
0.004) (Fig. 2a). The expression level of IL-12 was not
altered significantly in response to neither JAB induction
nor VPA treatment in both groups (Fig. 2b). Although the
expression of TGFβ1 was increased in response to VPA,
the changes were not statistically significant in all combi-
nations (Fig. 2c). The expression of TNF-α was markedly
decreased upon VPA exposure among JAB-treated MDMs
of SLE patients (Fig. 2d).

Table 1 Gene specific primers
used for real time RT-PCR Primer (Accession) Sequence (5′ > 3′) Tm Amplicon Size

IL1B (NM_000576) F: GGCTTATTACAGTGGCAATG 60 135 bp
R: TAGTGGTGGTCGGAGATT

IDO1 (NM_002164) F: TACCATCTGCAAATCGTGACTAAGT 60 84 bp
R: AAGGGTCTTCAGAGGTCTTATTCTC

MRC1 (NM_002438) F: ATGAGGCTACCCCTGCTC 61 217 bp
R: TGAACGGGAATGCACAGGTT

18SrRNA (M10098) F: CAGCCACCCGAGATTGAGCA 61 252 bp
R: TAGTAGCGACGGGCGGTGTG
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Fig. 1 Flowcytometric immunophenotyping of M1 (CD86) and M2
(CD163) cell surface markers Flowcytometric histogram for the
expression of CD68 among patients and normal subjects was compared
with respective isotype controls (a-1). The expression of CD86 and
CD163 among CD68+ macrophages (M1 Gate in P1) were assessed
using flowcytometry (a-1, a-2). The intensities of total positive cells for
SLE patients and normal subjects are represented in quadrants (Q-LL:
CD86−, CD163−; Q-LR: CD86+, CD163−; Q-UL: CD86−, CD163+; Q-
UR: CD86+, CD163+) (a-2). CD86 is downregulated in macrophages of
SLE patients (b) and CD163 is overexpressed among MDMs of both

groups upon VPA treatment in comparison to JAB treated cells (c).
Flowcytometry data are presented as frequency distribution histograms
showing signal intensities on the x-axis and counts on the y-axis. One-
way ANOVAwith Tukey’s post hoc test were used to compare the means
ofmultiple samples. All of the experiments were repeated in triplicates for
each sample. Data of each bar demonstrates means ± SE. P values lower
than 0.05 were considered as statistically significant. Mock, non-treated
monocyte-derived macrophages; JAB, Jurkat apoptotic bodies; VPA,
sodium valproate; SE standard error
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The mRNA expression IL1- β, IDO-1 and MRC-1

We also evaluated the mRNA expression of IL1-β (as a major
pro-inflammatory cytokine and M1 marker), IDO-1 (as a lu-
pus biomarker and M1 marker), and MRC-1 (as a main M2
marker) to address the efficiency of macrophage polarization
more precisely. SLE patients expressed higher levels of IL1-β
in comparison to healthy subjects (P = 0.001). However,
IL1-β was significantly downregulated among VPA-treated
MDMs (P = 0.001) (Fig. 3a), and the expression of IDO-1
was higher among MDMs of SLE patients (P = 0.028). IDO-
1 mRNA level decreased significantly in response to VPA
treatment in macrophages of SLE patients (P = 0.0001)
(Fig. 3b), whereas JAB-treated macrophages expressed higher
levels of MRC-1 in normal subjects compared to SLE patients
(P = 0.042). VPA treatment also increased the mRNA expres-
sion of MRC-1 among MDMs of SLE patients (Fig. 3c).

Discussion

The accumulation of self-antigens on the surface of apoptotic
blebs within the inflammatory milieu is recognized as one of
the imminent mechanisms in SLE pathogenesis and persistent
inflammation [11, 27]. Macrophages are versatile cells inside

Fig. 1 continued.

Fig. 2 ELISA cytokine assay VPA-treatedMDMs express higher levels of
IL-10 in (a). IL-12 is not altered significantly upon VPA treatment
compared to JAB-treated macrophages (b). TGF-β1 levels are
overexpressed but not changed significantly in response to VPA
treatment (c). Macrophages of SLE patients secreted lower levels of
TNF-α in response to VPA treatment (d). One-way ANOVA with
Tukey’s post hoc test or Kruskal-Wallis with Dunn-Bonferroni post hoc

test was used to compare the means of multiple samples. All of the
experiments were repeated in triplicates for each sample. Data of each
bar demonstrates means ± SE for normally distributed values (TNF-α)
and medians ± IQR for skewed (IL-10, IL-12, and TGF-β1) variables. P
values lower than 0.05 were considered as statistically significant. Mock,
non-treated monocyte-derived macrophages; JAB, Jurkat apoptotic bodies;
VPA, sodium valproate; SE, standard error; IQR, interquartile range
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the innate immune system which are committed to remove
dying cells in the early stages of apoptosis and regulate im-
mune response in an anti-inflammatory manner which is
called Befferocytosis^ [27, 28]. This physiologic function of
macrophages could be altered by targeting involved pathways
including PPAR-γ [13, 14], AhR [15], cAMP/CREB [16],
LXR, RAR, RXR [17], and GR [18]. Moreover, the transcrip-
tional control of apoptotic cell recognition and internalization
genes, such asCd36,Mertk, Axl,C1qa, Tgm2, and Abca1may
affect efferocytosis [17, 29]. Although the phagocytic capacity
of macrophages among SLE patients is shown to be not dif-
ferent from healthy subjects [13], we strongly believe that
Befferocytosis^ is defected in SLE. As a consequence, an in-
flammatory immune response is provoked aberrantly and the
cytokine profile is deregulated [30]. According to the fact that
alternatively activated (M2) macrophages are responsible for
the immunomodulatory effects of these plastic cells [31], ex-
ploring molecules and pathways with effects on macrophage
plasticity could be beneficial for introducing novel therapeutic
approaches. Although current immunosuppressive therapies
including conventional glucocorticoids (GCs) have been

partially successful in expanding M2 subpopulation [32],
long-term GC administration could be associated with irre-
coverable side-effects to the vital organs [33]. Therefore, it is
essential to evaluate various approaches involved in macro-
phage polarization.

Inhibition of histone deacetylases (HDACs) is an epigenet-
ic modification with anti-inflammatory properties over im-
mune cells [20] which may elicit M2 polarization of macro-
phages by specific compounds such as VPA [21]. It is an anti-
epileptic drug which acts as a class I HDAC inhibitor with
negative regulatory effects on immune response [34]. Thus,
we evaluated the ex vivo effects of VPA as a specific HDACi
on immune response and cytokine profile of MDMs through
M2 expansion in SLE patients.

While no obvious difference has been reported between the
uptakes of apoptotic bodies among macrophages of SLE pa-
tients in comparison to normal subjects [13], an internal defect
is possibly responsible for the accumulation of apoptotic and/
or necrotic cells in damaged organs of SLE patients.
Flowcytometric immunophenotyping of major M1 (CD86)
and M2 (CD163) cell surface markers revealed that VPA is

Fig. 3 The mRNA expression of IL1-β, IDO-1, and MRC-1 IL1-β is
downregulated in response to VPA among MDMs of SLE patients,
without obvious changes in normal subjects (a). IDO-1 which is
overexpressed among JAB-induced MDMs of SLE patients is markedly
decreased upon VPA treatment (b). The mRNA expression of MRC-1
was higher in normal subjects and overexpressed significantly upon VPA
treatment in patients (c). 2-ΔCt method was used to calculate the mRNA
expression level for each combination. One-way ANOVA with Tukey’s

post hoc test or Kruskal-Wallis with Dunn-Bonferroni post hoc test was
used to compare the means of multiple samples. All of the experiments
were repeated in triplicates. Data of each scattered plot demonstrates
means ± SE for normally distributed values (IDO-1) and medians ± IQR
for skewed (IL1-β and MRC-1) variables. P values lower than 0.05 were
considered as statistically significant. Mock, non-treated monocyte-
derived macrophages; JAB, Jurkat apoptotic bodies; VPA, sodium
valproate; SE, standard error; IQR, interquartile range.
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capable of reducing the overexpressed CD86 to the expected
level in normal subjects. Moreover, VPA treatment exerted
interesting effects on M2 expansion by increasing the expres-
sion of CD163 among macrophages of SLE patients in com-
parison to the JAB-treated counterparts (Fig. 1). Our findings
are in favor of the limited preclinical reports which indicated
VPA effectiveness on the phenotype and function of macro-
phages and the importance of HDAC activity in immune reg-
ulation [8, 21].

In order to investigate the effect of VPA treatment on re-
storing the imbalanced cytokine profile, the expression of se-
lected pro- and anti-inflammatory mediators was quantified.
Although an increased expression of pro-inflammatory and
decreased level of anti-inflammatory cytokines was notable
among JAB-induced MDMs of SLE patients, VPA could suc-
cessfully regulate the production of cytokines (Fig. 2) which
are consistent with previous reports [35, 36]. VPA as a short
chain fatty acid (SCFA) has presented anti-inflammatory and
neuroprotective effects on the ischemic brain of rats by reduc-
ing TNF-α and enhancing IL-10 [37, 38]. It has been also
shown to be an effective enhancer of the cytokine-induced
expansion of human hematopoietic stem cells [39]. Certain
previous findings implicated that VPA, as an anti-seizure
drug, is not an effective compound in reducing IL1-β and

TNF-α expression in rats [40]. However, no preclinical or
clinical data was available on the effects of VPA over the
expression of IL1-β in macrophages. Our real time RT-PCR
findings showed that VPA could exert a significant downreg-
ulation on the overexpressed IL1-β among JAB-treated
MDMs of SLE patients in comparison to normal subjects.
IL1-β is a major inflammatory cytokine which is normally
overexpressed in classically activated macrophages in re-
sponse to LPS [12]. Thus, IL1-β downregulation is in favor
of M2 polarization. The mRNA expression of MRC-1
(CD206; M2 marker) [41] and IDO-1 (M1 marker) [42] was
also measured to deeply investigate alternative activation of
macrophages. Supported by limited previous reports [43], a
significant downregulation of IDO-1 and overexpression of
MRC-1 was demonstrated among VPA-treated MDMs in
SLE patients (Fig. 3). The quantification of IL-10/IL-12,
TGF-β1/TNF-α, and CD163/CD86 ratios are widely used
determinants in alternative activation of macrophages [44].
Accordingly, the inflammatory status and efficiency of polar-
ization would be determined more precisely. Here, we ob-
served that VPA treatment could markedly increase IL-10/
IL-12, TGF-β1/TNF-α, and CD163/CD86 ratios in macro-
phages of SLE patients in comparison to normal cells
(Fig. 4). The obtained results in addition to the overexpressed

Fig. 4 Quantifying the efficiency of alternative activation The IL-10/IL-
12 (a), TGF-β1/TNF-α (b), and CD163/CD86 (c) ratios—as widely
accepted alternative activation determinants—were increased among
VPA-treated combinations in both groups. Kruskal-Wallis with Dunn-
Bonferroni post hoc test was used to compare the means of multiple

samples. Data are demonstrated as box and whiskers and each bar
represents minimum to maximum. P values lower than 0.05 were
considered as statistically significant. Mock, non-treated monocyte-
derived macrophages; JAB, Jurkat apoptotic bodies; VPA, sodium
valproate
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IL-10/IL-12, TGF-β1/TNF-α, and CD163/CD86 ratios indi-
cated that VPA could possibly enhance alternatively activated
macrophages in SLE patients.

Conclusions

Apoptotic cell removal system is disturbed among macro-
phages of SLE patients, and histone modifications as a funda-
mental molecular mechanism could alter the expression of
genes involved in macrophage function. Inhibition of
HDAC by VPA among macrophages of SLE patients is asso-
ciated with a notable decrease in the expression of pro-
inflammatory and overexpression of anti-inflammatory cyto-
kines in comparison to JAB-treated counterparts. The alterna-
tive activation of macrophages is also enhanced by registering
the upregulation and downregulation of M2 and M1 markers,
respectively. As a result, we conclude that VPA-mediated
HDAC inhibition exerts immunomodulatory effects on mac-
rophages of SLE patients and could be introduced as a target
of further investigation for autoimmune disorder therapies.
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