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Abstract: SP140 is an epigenetic reader protein expressed predominantly in immune cells. GWAS
studies have shown an association between SP140 single nucleotide polymorphisms (SNPs) and di‑
verse autoimmune and inflammatory diseases, suggesting a possible pathogenic role for SP140 in
immune‑mediated diseases. We previously demonstrated that treatment of human macrophages
with the novel selective inhibitor of the SP140 protein (GSK761) reduced the expression of endotoxin‑
induced cytokines, implicating a role of SP140 in the function of inflammatory macrophages. In this
study, we investigated the effects of GSK761 on in vitro human dendritic cell (DC) differentiation
and maturation, assessing the expression of cytokines and co‑stimulatory molecules and their capac‑
ity to stimulate T‑cell activation and induce phenotypic changes. In DCs, lipopolysaccharide (LPS)
stimulation induced an increase in SP140 expression and its recruitment to transcription start sites
(TSS) of pro‑inflammatory cytokine genes. Moreover, LPS‑induced cytokines such as TNF, IL‑6, and
IL‑1β were reduced in GSK761‑ or SP140 siRNA‑ treated DCs. Although GSK761 did not signifi‑
cantly affect the expression of surface markers that define the differentiation of CD14+ monocytes
into immature DCs (iDCs), subsequent maturation of iDCs to mature DCs was significantly inhibited.
GSK761 strongly reduced expression of the maturation marker CD83, the co‑stimulatory molecules
CD80 and CD86, and the lipid‑antigen presentation molecule CD1b. Finally, when the ability of
DCs to stimulate recall T‑cell responses by vaccine‑specific T cells was assessed, T cells stimulated
by GSK761‑treated DCs showed reduced TBX21 and RORA expression and increased FOXP3 expres‑
sion, indicating a preferential generation of regulatory T cells. Overall, this study suggests that SP140
inhibition enhances the tolerogenic properties of DCs, supporting the rationale of targeting SP140 in
autoimmune and inflammatory diseases where DC‑mediated inflammatory responses contribute to
disease pathogenesis.
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1. Introduction
Dendritic cells (DCs) are a heterogeneous group of functionally specialized antigen‑

presenting cells that play a pivotal role in linking innate and adaptive immunity [1]. Com‑
munication between DCs and T‑cells is one of the critical aspects controlling immune re‑
sponse induction, which under homeostasis is tightly regulated, and, thereby, is essential
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for immunity and tolerance [2,3]. Such a process is tightly controlled by epigenetic mech‑
anisms, especially post‑translational modification of histone tails [4,5]. For instance, spe‑
cific histone acetylases and deacetylases are implicated in DC activation and maturation
and in their potential to activate T cells [6]. A failure of this regulation can result in the
aberrant and prolonged inflammatory responses seen in autoimmune and inflammatory
diseases [7,8].

Speckled 140 KDa (SP140) is a nuclear body protein predominantly expressed in im‑
mune cells [9,10]. The expression of SP140 is induced during microbial infections and in
response to inflammatory stimuli [9,10]. It has been reported that SNPs in the SP140 lo‑
cus have been strongly linked to diverse autoimmune and inflammatory diseases such
as multiple sclerosis (MS) [11] and Crohn’s disease (CD) [12]. In addition, our previous
study demonstrated upregulated expression of SP140 in a range of inflammatory diseases
such as CD, rheumatoid arthritis (RA), and systemic lupus erythematosus [10], implicating
SP140 in immune‑mediated pathogenesis. SP140 is an epigenetic reader protein harboring
a bromodomain (Brd) [12,13]; Brd recognizes acetylated lysine residues on histone tails
and regulates gene expression through mechanisms that modulate DNA accessibility to
transcription factors (TFs) and the transcriptional machinery [14,15].

Due to the integral role of DCs in the induction of an adaptive immune response, and
their potential to both prevent and stimulate autoreactivity [16], transcriptional programs
mediating those processes are an interesting target opportunity for anti‑inflammatory ther‑
apies. Previous in vitro and in vivo studies have demonstrated a key role of Brd‑containing
proteins (BCPs) in controlling DC functions, particularly in the context of inflammation [17].
For instance, multiple inhibitors targeting BRD2, BRD3, and BRD4 have been shown to im‑
pair DC maturation and enhance their tolerogenic properties, enabling their ability to stim‑
ulate the differentiation of naïve T cells into FOXP3 expressing functional Tregs [17–19].
In a recent study, we reported the development of the first small molecule SP140 inhibitor
(GSK761), which shows a selective ability to bind to and inhibit the function of SP140 com‑
pared to other BCPs [10]. SP140 inhibition using GSK761 strongly suppressed macrophage‑
induced cytokines and co‑stimulatory molecules (such as IL12, IL1β, and CD80) required
for inflammatory T‑cell activation and was associated with inhibition of SP140 binding
to the regulatory regions of these genes [10]. In addition, the SP140 protein was found
to bind active regions of multiple human leukocyte antigen (HLA) genes in inflammatory
macrophages [10]. These data suggest that SP140 may have a role in regulating antigen pre‑
sentation.

Here we investigated the effects of SP140 inhibition with GSK761 on DC function us‑
ing in vitro monocyte‑derived DCs. We demonstrate a marked effect of SP140 inhibition on
DC maturation, reducing their capacity to secrete pro‑inflammatory cytokines and T‑cell
activation and enhancing the potential of SP140‑treated DCs to induce FOXP3‑expressing
T cells. These results highlight the potential for SP140 to target inflammatory and autoim‑
mune disorders.

2. Results
2.1. LPS‑Stimulation Induces an Increase in SP140 Expression in DCs as Well as Its
Recruitment to TSS of Pro‑Inflammatory Cytokine Genes

To examine the expression of SP140 in DCs, primary human CD14+ monocytes were
differentiated in vitro into immature DCs (iDCs) and then kept unstimulated or stimulated
with LPS (Figure 1A). First, we verified the successful generation of DCs by assessing the
expression of some specific surface markers by FACS as described in [20–24]. The cells
were shown to be CD209++CD11c++CD14low, confirming their differentiation into iDCs
(Supplementary Figure S1A,B). Low levels of SP140 gene expression (Figure 1B) were de‑
tected in unstimulated iDCs. However, LPS stimulation significantly augmented SP140
mRNA expression (Figure 1B). To assess whether SP140 associates with chromatin in DCs
and how this might be regulated during inflammation, we conducted ChIP‑qPCR experi‑
ments in unstimulated or LPS‑stimulated (for 4, 6, and 24 h) iDCs targeting the transcrip‑
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tion start site (TSS) of inflammatory cytokine genes; TNF and IL1β. The binding of SP140 to
the TSS of TNF and IL1β genes was observed in unstimulated cells, and this was strongly
increased following 4 and 6 h of LPS stimulation (Figure 1C,D). Notably, SP140 binding
to those TSS after 24 h of LPS stimulation returned to baseline levels, suggesting the re‑
quirement of SP140 for pro‑inflammatory cytokine gene expression early after endotoxin
exposure. SP140 also binds to the TSS of IL10, but there was no increase in this binding
after LPS stimulation (Supplementary Figure S2).
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the expression of the pro-inflammatory cytokines was examined in the vehicle (DMSO)- 
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our previous observation on human macrophages [10]. Similarly, in live/dead staining by 

Figure 1. LPS‑stimulation enhances SP140 protein recruitment to TSS of TNF and IL1β. (A) Protocol
for an in vitro generation of DCs. Human primary CD14+ monocytes were incubated with 30 ng/mL
GM‑CSF and 20 ng/mL IL‑4 for 5 days (D) to generate immature dendritic cells (iDCs). To generate
mature DCs (mDCs), iDCs were washed with PBS and then stimulated with 100 ng/mL LPS. The
illustration was created with BioRender.com. (B) SP140 gene expression was measured by qPCR in
naïve iDCs or after 4 h of 100 ng/mL LPS‑stimulation, from 3 individual donors (n = 3). (C) ChIP‑
qPCR of SP140 protein occupancy at TSS of TNF (n = 4) and (D) IL1β (n = 3) in naïve iDCs or after 4,
6 or 24 h of 100 ng/mL LPS‑stimulation, IgG was used as negative control. Statistical significance is
indicated as follow: * p < 0.05 and ** p < 0.01. The error bars in a column graph represent standard
deviation (SD).

2.2. GSK761 Attenuates the Inflammatory Activation of DCs
LPS‑induced DCs maturation is typically associated with the activation of an inflam‑

matory transcriptional program, including those required for T‑cell activation [17]. In or‑
der to examine the requirement of SP140 in regulating the inflammatory response in DCs,
the expression of the pro‑inflammatory cytokines was examined in the vehicle (DMSO)‑
or GSK761‑treated iDCs stimulated with LPS (to induce maturation to mDCs) (Figure 2A).
We first tested whether GSK761 elicited any cytotoxicity in DCs using ATP‑based analysis
to determine the dose range used. DCs were incubated with 0.1% vehicle or with an in‑
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creasing concentration of GSK761 prior to LPS stimulation. At concentrations ≤ 0.12 µM,
GSK761 showed no cytotoxicity (Supplementary Figure S3A). These data are in line with
our previous observation on human macrophages [10]. Similarly, in live/dead staining by
FACS, DCs treated with 0.12 µM exhibited a high percentage of viability (Supplementary
Figure S3B); thus, 0.12µM GSK761 was used in subsequent experiments. At 4 or 24 h of LPS
stimulation, GSK761‑treatment led to reduced secretion of LPS‑induced IL‑6, TNF, IL‑1β,
IL‑10, and IL‑8 proteins (Figure 2B). In addition, SP140 inhibition reduced the expression
of several other pro‑inflammatory cytokine and chemokine genes, such as GM‑CSF, CCL3,
CCL5, CCL9, CXCL10, and CCL1 (Figure 2B), and the transcription factor (TF) STAT1 re‑
quired for DC maturation [25]. The transcription of genes that typically mark iDCs, CCR1
andCCR5 [26], was significantly increased in GSK761‑treated cells (Figure 2C). In addition,
GSK761 inhibited gene expression of DC adhesion (ICAM1) and co‑stimulatory molecules
(CD80), which are required for inflammatory T‑cell activation. To further validate the
previous observations concerning the role of SP140 in regulating the expression of pro‑
inflammatory cytokines, we performed siRNA‑mediated knock‑down to reduce SP140 ex‑
pression in DCs, achieving a significant reduction in SP140 expression (Supplementary
Figure S4A). SP140 knock‑down yielded a significant decrease in LPS‑induced TNF and
IL‑1β secretion (Supplementary Figure S4B).

To understand whether GSK761 directly affects the transcription of inflammatory
cytokines and chemokines (that were observed in Figure 2) in myeloid cells by reduc‑
ing SP140 binding at these genes, we re‑analyzed our previous publicly available ChIP‑
sequencing data on SP140 binding in human inflammatory macrophages pretreated with
GSK761 or DMSO. The data were obtained from the European Genome‑phenome Archive:
EGAS00001004460 [10]. By comparing peak signals resulting from DMSO‑ vs. GSK761‑
treated LPS‑stimulated macrophages as described in [10], we observed that GSK761
strongly reduces the binding of SP140 to pro‑inflammatory cytokine genes such as IL1β,
CXCL8 and IL10 (Supplementary Figure S5A). Focusing on transcription start sites (TSS),
the TSS plot illustrates the potential of GSK761 to inhibit the binding of SP140 at the TSS
of genes encoding multiple cytokines and chemokines (we focused on the differentially ex‑
pressed genes observed in Figure 2), includingTNF andCCL5 (Supplementary Figure S5B).

2.3. SP140 Is Critical for DCs Maturation
Given the observed effect of GSK761 in reducing some key genes required for activa‑

tion, we further assessed the possible role of SP140 in regulating DC phenotype. GSK761
or a vehicle was added during the differentiation of monocytes to iDCs. After washing
cells to remove GSK761, iDCs were subsequently matured (mDCs) with LPS for 24 h or
kept without maturation (no LPS) (Figure 2A). We first investigated whether GSK761 af‑
fects the surface markers CD209 and CD11c that define the differentiation of monocytes
into iDCs. FACS analysis showed no changes in the frequency of CD209+ and CD11c+ in
vehicles compared to GSK761‑treated cells (Figure 3A,B).

Protein expression levels of CD209 and CD11c were slightly downregulated and up‑
regulated, respectively, in GSK761 pretreated cells (Figure 3C), but these differences were
not statistically significant (Figure 3D). We next examined the effect of GSK761 on LPS‑
induced DC maturation. Interestingly, GSK761 strongly reduced the frequency of mDCs
expressing the maturation marker CD83 (Figure 3A,B), as well as the levels of CD83 sur‑
face protein expression (Figure 3C,D). As expected, the co‑stimulatory molecules CD80
and CD86 molecules were highly expressed on the surface of mDCs compared to iDCs.
However, pretreatment with GSK761 strongly diminished the LPS‑induced surface protein
expression of CD80 and CD86 (Figure 3C,D) but not the frequency of CD80+ and CD86+

cells (Figure 3A,B).
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follow: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. GSK761 impairs DCs maturation. Human primary CD14+ monocytes were incubated with
30 ng/mL GM‑CSF and 20 ng/mL IL‑4 for 5 days in presence of vehicle (0.1% DMSO) or 0.12 µM
GSK761. The cells were then kept unstimulated (iDCs) or stimulated (maturation) with 100 ng/mL
LPS for 24 h (mDCs). Differentiation and maturation markers were assessed by FACS. (A) Data are
illustrated as FACS plots or (B) percentage of CD11c+, CD14+, CD80+, CD83+, CD86+ and CD209+

cells from total alive cells, n = 3 (C) by histogram or (D) by mean fluorescence intensity (MFI) of
CD11c, CD14, CD80, CD83, CD86 and CD209 proteins, n = 3. ** p < 0.01, *** p < 0.001， **** p < 0.0001.

We then investigatedwhether SP140 plays a role in controllingMHC expression. CD1b,
which is involved in the presentation of lipid antigens to T cells [27], was strongly reduced
by GSK761 on the surface of both iDCs and mDCs (Figure 4A,C), as was the frequency
of CD1b+ cells (Figure 4B,C). DCs maturation is normally accompanied by the redistribu‑
tion of MHC class II molecules such as HLA‑DR from the lysosomal MHCII compartment
to the membrane to mediate the presentation of peptide antigens [28], and enhanced sur‑
face expression of HLA‑DR was observed in control mDCs (Figure 4A–C). Interestingly,
GSK761 increased the expression of membrane HLA‑DR in iDCs (Figure 4A–C). However,
there was no change in membrane HLA‑DR protein expression in mDCs (Figure 4A–C).
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2.4. GSK761‑Treatment of DCs Decreases Revaxis‑Induced TBX21 and Increases FOXP3
Expression in Autologous T Cells

We next investigated the effect of GSK761 on the capacity of DCs to activate and po‑
larize autologous T cells in an antigen‑specific manner. To this end, we utilized Revaxis,
the 3‑in‑1 diphtheria, polio, and tetanus vaccine; pulsing of DCs with Revaxis allows for
the stimulation of antigen‑specific memory cells in vaccinated individuals [17,29]. Vehicle‑
or GSK761‑treated iDC were incubated with LPS and Revaxis antigens and co‑cultured
with autologous CD4+ T cells (Figure 5A). It has been reported that Revaxis induces the
pro‑inflammatory Th1 phenotype [30,31]. Notably, the TF Id2 previously reported to be
necessary for Th1 cell generation during infection [32] was reduced in T cells co‑cultured
with GSK761‑treated DCs (Figure 5B). In addition, GSK761 attenuated the ability of DCs
to induce expression of key Th1 TBX21 (gene encoding T‑bet) [33] and Th17 RORA [34]
lineage‑defining TFs in autologous T cells while conversely enhancing their ability to in‑
duce expression of the key Treg TF FOXP3 [35] (Figure 5B,C). Interestingly, the increase
in FOXP3 expression was associated with a decrease in IRF1 (Supplementary Table S1),
which has been reported to negatively affect Treg differentiation by repressing FOXP3
expression [36]. Although there was no change in GATA3 expression, the expression of
Th2‑associated cytokine genes such as IL4 and IL5 [37,38] was increased in T cells that
were co‑cultured with GSK761‑treated DCs (Supplementary Table S1) while expression
of Th1‑associated IFNγ and TNF [38,39] and Th17‑associated IL17A [40], were downreg‑
ulated (Figure 5B,C and Supplementary Table S1). In accordance with the changes at the
mRNA level, IFN‑γ and IL‑17 protein secretion by T cells was significantly reduced when
co‑cultured with GSK761‑ pretreated DCs compared to vehicle‑treated DCs (Figure 6A).
IL‑13 (Th2 marker [38]) was unaffected (Figure 6A).
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on T cells purified from DC using CD209 beads, n = 3. (C) Relative gene expression of different T‑cell
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Finally, we validated the previous observations by staining the intracellular TF pro‑
teins that identify Th1 and Treg phenotype, T‑bet, and FOXP3, respectively. FACS analysis
showed that T cells co‑cultured with GSK761‑treated DCs exhibit a slight reduction in the
frequency of T‑bet+ cells (Figure 6B) but a marked decrease in T‑bet protein expression
(Figure 6C). GSK761 treatment clearly enhanced the potential of DCs to increase the fre‑
quency of FOXP3+ T cells (Figure 6D). No change in protein expression of FOXP3 amongst
FOXP3+ cells was observed (Figure 6E). Overall, these data suggest that SP140 inhibition
favors FOXP3‑expressing Treg cells at the expense of Th1 and Th17 cell generation, thus
enhancing the tolerogenic potential of DCs.
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3. Discussion
Previous in vitro and in vivo studies have demonstrated the strong anti‑inflammatory

effects of BET Brd inhibitors that target BRD2, BRD3, BRD4, and BRDT [17–19]. The BET
proteins regulate the expression of a plethora of genes, and due to this and their ubiqui‑
tous expression, therapeutic translation into the clinic has been limited by multiple adverse
events [41,42]. SP140 is predominantly expressed in immune cells, and its expression is
upregulated upon inflammation [10]. In addition, SP140 has been associated with several
autoimmune and inflammatory diseases through genetic and epigenetic association stud‑
ies [10–12], suggesting a strong rationale for therapeutic targeting of the SP140 protein.
GSK761 is the first small molecule inhibitor of SP140 protein and has recently been used to
demonstrate the role of SP140 in regulating the inflammatory transcriptional program in
macrophages ex vivo [10]. We previously described the synthesis of GSK761 and demon‑
strated a high degree of affinity and specificity of this compound for SP140 protein at the
concentrations used in this study [10]. Here, we investigated the capacity of GSK761 to
modify DC function and its capacity to induce T‑cell activation in vitro.

The aim of ChIP‑qPCR experiments was to evaluate the distribution of SP140 on chro‑
matin changes in response to LPS stimulation. Since transcription of pro‑inflammatory
cytokines such as TNFα and IL1β begins shortly after LPS stimulation and achieves maxi‑
mal levels by 2–6 h, we focused ChIP experiments on early time points where changes in
SP140 binding might be relevant to the early regulation of pro‑inflammatory cytokine gene
expression. This kinetic mechanism was also seen in our previous study in macrophages
using the same compound [10]. In the current article, Figure 1D shows that SP140 protein
is maximally enriched at the TSS of pro‑inflammatory genes at relatively early time points
(4–6 h) following LPS stimulation in DCs, consistent with a role in regulating the expres‑
sion of these genes. The enrichment of SP140 at those genes was extremely low after 24 h
of LPS, comparable to baseline (pre‑LPS level). Since peak cellular SP140 protein levels are
apparent at much later time points, the implication is that the factors required for SP140
recruitment to these sites (e.g., chromatin modifications, other recruited proteins) are no
longer present at that later time point and that SP140 plays a different role at those times;
the specific mechanisms will need to be explored in future studies.

In autoimmune and inflammatory diseases such as RA and CD, DCs play a central role
in contributing to disease pathology by producing inflammatory cytokines and expressing
co‑stimulatory molecules, which promote the activation of inflammatory T cells [16,43,44].
In this study, SP140 was shown to be critical for both the in vitro maturation of DCs and
their response to inflammatory stimuli. In line with our previous study inmacrophages [10],
we found that in DCs, LPS induced an increase in SP140 expression and recruitment of
the protein to the TSS of pro‑inflammatory cytokines. Further, GSK761 inhibited the ex‑
pression of DC‑induced cytokines required for inflammatory T‑cell activation, including
IL12‑p70, TNF, IL‑1β, and IL‑6. In addition, GSK761 impaired DC maturation, which was
indicated by a strong reduction in the expression of maturation surface markers CD83 and
the co‑stimulatory molecules CD80 and CD86. CD80 and CD86 molecules work in tandem
to provide co‑stimulatory signals necessary for T‑cell activation and survival [45].

While the mechanism by which SP140 regulates co‑stimulatory molecules remains
to be determined in DCs, our recent study in human macrophages showed CD80 and
CD83 as SP140 protein‑bound genes [10]. GSK761 inhibited SP140 binding to those genes
and decreased their expression [10]. The TF STAT1 is crucial for DCs maturation and acts
by controlling the expression of co‑stimulatory molecules [25]. In this study, GSK761 re‑
duced STAT1 gene expression, providing a possible mechanism for the inhibitory effects
of the compound on DC maturation. iDCs exhibit high expression of the chemokine re‑
ceptors CCR1 and CCR5, which enables migration to areas of inflammation, while mDCs
lose cell surface expression of CCR1 and CCR5 [26]. We found that following treatment
with GSK761, DCs retain high expression levels of CCR1 and CCR5, further indicating that
SP140 inhibition hampered LPS‑induced maturation and kept DCs in an immature state.
During the steady state, DCs maintain T‑cell tolerance through multiple mechanisms, in‑
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cluding inducing anergy, deletion, and Treg activity [46]. In addition, SP140 was found to
be critical in controlling CD83 protein expression in DCs. CD83 was reported to stabilize
MHC‑II on their surface, permitting positive CD4+ T‑cell selection [47]. Recombinant CD83
proteins and anti‑CD83 antibodies that exploit the function of CD83 were demonstrated to
be effective in the treatment of various mouse models of autoimmune and inflammatory
diseases (such as graft rejection, RA, and inflammatory bowel disease) [48–52].

Autoimmune diseases are associated with an excessive activation and proliferation
of inflammatory T‑cells such as Th1 cells [53]. The therapeutic efficacy of inhibiting DC:T‑
cell interactions in multiple autoimmune diseases has already been shown using Abatacept
which binds to CD80/86 on DCs, preventing the co‑stimulatory signal required for T‑cell
activation [54,55]. Considering this, we sought to investigate the effect of GSK761 on DCs
in this respect. To allow appropriate measurement of the effect of GSK761, we used an
assay to prime human DCs and assess T‑cell activation using Revaxis (inactivated diph‑
theria, −tetanus, and −poliomyelitis vaccine) as described in [17,56]. Revaxis is used in
this study as a means to stimulate an antigen‑specific T‑cell response, which we feel is the
most relevant function of DCs. Because the frequency of T cells specific for any given anti‑
gen in ‘naïve’ humans is extremely low, studying antigen‑specific human T‑cell responses
is challenging. However, the use of Revaxis overcomes this challenge since most people
have been vaccinated against the components (diphtheria, tetanus, polio) of this vaccine
and hence harbor expanded populations of memory T cells responsive to these antigens.
Utilizing Revaxis‑treated DCs has been shown to effectively stimulate human recall re‑
sponses, including T cells polarized towards Th1 and Th17 phenotypes [30,31,56]. GSK761
attenuated the capacity of Revaxis‑treated DCs to induce TBX21 and RORA expression in
T cells (Th1 and Th17 phenotypes, respectively) while enhancing FOXP3 expression (Treg
phenotype). In addition, the production of cytokines that mark Th1 and Th17, such as
IFN‑γ [33] and IL‑17 [40], respectively, were dampened, while some key TFs mediating
Th1/Treg balance, such as Id2 and IRF1, were strongly reduced in T‑cells co‑cultured with
GSK761‑DCs, further indicating that SP140 inhibition in DCs promotes T‑cell polarization
into a Treg phenotype. Id2 was shown to promote Th1 development [32], and IRF1 was
reported to suppress Treg differentiation [36]. These data were supported by the obser‑
vations that GSK761‑treated DCs induced a higher percentage of FOXP3+ T cells while
lowering T‑bet expression in T‑bet+ T cells.

We propose that SP140 inhibition in DCs may induce Tregs by virtue of their inability
to mature and to express the required cytokines and co‑stimulatory molecules, in agree‑
ment with earlier reports that iDCs induce higher numbers of Tregs [57]. Additionally,
the enhanced Treg generation could be linked to an impaired capacity to uptake and pro‑
cess or present the antigen by DCs. Interestingly, although HLA‑DR expression was not
affected, GSK761 inhibited the surface expression of CD1b in both iDCs and mDCs. CD1b
has been suggested to be implicated in MS [58] and infections [59]. Since the CD1b protein
has been described as a surface molecule responsible for the presentation of both foreign
and self‑lipid antigens to T‑cells [27], it is a relevant and important contributor to DC effec‑
tor function. Altogether, this study indicates the role of SP140 in the regulation of antigen
presentation in DCs, as well as therapeutic potential in this respect.

While GSK761 has been shown to strongly and selectively inhibit the SP140 protein
and reduce the inflammatory response in DCs (in vitro) and macrophages (in vitro and ex
vivo) [10], GSK761 is not suitable for evaluating the effects of SP140 inhibition in in vivo
animal models due to the poor pharmacokinetic properties of this molecule as discussed
in [10]. As discussed above, by extensively characterizing the properties of GSK761, we
established this molecule to have the critical attributes that make it suitable for use as an
in vitro/ex vivo tool to probe SP140 function in human cells. GSK761 may help to elucidate
the role of SP140 as a gene regulator in a manner that would not be possible through,
for example, knockout or knock‑down studies that simply remove the protein. This has
allowed us to significantly extend our understanding of SP140 function and highlight its
potential as a therapeutic target.
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This study suggests that in DCs, GSK761 treatment affects certain cytokines more
significantly at 24 h (TNF and IL‑10) and others at 4 h (IL1β, IL‑6, IFNγ, and IL8). In a
previous study [10], we observed variable binding kinetics of SP140 to different gene sets
at different time points after LPS stimulation. This included SP140 binding to the CCL5 TSS
at 1 h and to the CCL2 TSS only after 4 h [10]. The factors responsible for these differences
in binding kinetics are currently unknown and may include differences in the chromatin
environment and the kinetics of transcription factor activation and binding. Therefore, the
observed differences in the duration of the effect of GSK761 on cytokine production could
be attributed to the differential kinetics of SP140 binding to gene regulatory regions.

There are several limitations to our study. Firstly, because Revaxis was included in all
of these experiments, we are currently unable to conclude whether GSK761‑modified DCs
would impact the CD4+ T‑cell response similarly in the context of alternative antigenic
stimuli or even in an antigen‑independent manner. A second limitation of our study is
that measuring cytokine secretion in the supernatant may not fully capture the complexity
of the T‑cell response over time and can also be confounded by cytokine secretion from
DCs in the co‑culture. An alternative method, such as the measurement of intracellular
cytokine staining by flow cytometry, could provide more detailed information concerning
the major cellular sources of the cytokines. A third limitation is that we currently do not
know to what extent changes in total cytokine production reflect a reduced expansion of
responding cells vs direct modulation of cytokine production. Future studies could inves‑
tigate whether GSK761‑treated DCs induced less T‑cell proliferation using Ki67 [60] as a
marker. It would also be valuable to explore whether antigen‑specific cells only convert or
expand after contact with GSK761‑treated DCs to understand the mechanism underlying
the observed conversion to Foxp3‑expressing regulatory T cells.

In conclusion, this study identifies SP140 as an interesting target for the modulation of
DC function, with the potential for generating tolerogenic DCs. The therapeutic rationale
of SP140 targeting in DCs, particularly in in vivo models of autoimmune and inflammatory
diseases, remains to be confirmed in future studies after developing a new in vivo‑suitable
SP140 inhibitor compound.

4. Materials and Methods
The human biological samples were sourced ethically, and their research use was in ac‑

cord with the terms of the informed consent under an IRB/EC‑approved protocol. Written
informed consent was obtained from each donor, as approved by the UK East of England—
Cambridgeshire and Hertfordshire Research Ethics Committee.

4.1. CD14+ Monocyte Isolation, In Vitro Generation of DCs and SP140 Inhibition
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood of healthy

donors (supplied from the GSK Stevenage Blood Donation Unit and Sanquin Institute
Amsterdam, Amsterdam, The Netherlands (Project number B07.002‑X)) using Ficoll den‑
sity centrifugation (Fisher Scientific, Waltham, MA, USA). CD14+ monocytes were isolated
from PBMCs using a positive selection kit (Miltenyi Biotech, Leiden, The Netherlands) ac‑
cording to the manufacturer’s protocol.

To examine the expression of SP140 in DCs; CD14+ monocytes were incubated for
5 days with GM‑CSF (R&D Systems, Abingdon, UK; 30 ng/mL) and IL‑4 (R&D Systems;
20 ng/mL) to generate immature monocytes derived dendritic cells (iDCs) as described
in [17,20–23,61]. This protocol is well established to generate immature DC‑like in terms
of phenotype, functions, and surface markers (such as the high expression of CD11c, CD1b,
and CD209 and the very low expression of CD14 and CD83) [20–24]. iDC were left unstim‑
ulated or were stimulated with LPS (Salmonella Typh, Sigma, Zwijndrecht, The Nether‑
lands; 100 ng/mL) for 4 h to assess the SP140 gene expression or for 4, 6, and 24 h to assess
SP140 binding to chromatin.

To investigate the possible role of SP140 in mediating DC differentiation, maturation,
and activation; CD14+ monocytes were incubated for 5 days with GM‑CSF (R&D Systems;
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30 ng/mL) and IL‑4 (R&D Systems; 20 ng/mL) in presence of 0.1% DMSO control (Vehicle)
or 0.12 µM of SP140 inhibitor compound (GSK761). iDCs were left without stimulation
(naïve) or were stimulated with 100 ng/mL LPS (maturation) for 4 or 24 h. After 4 h the
cells were harvested for transcriptional analysis. After 24 h, iDCs and mature DCs (mDCs)
were harvested for FACS analysis of differentiation and maturation surface markers and co‑
stimulatory molecules. The supernatant was harvested after 4 and 24 h of LPS stimulation
for cytokine production analysis.

In all experiments, cells were cultured in RPMI 1640 medium (Lonza, Geleen, The
Netherlands) supplemented with 10% FCS, 2 mM L‑glutamine (Lonza), 100 units/mL peni‑
cillin (Lonza), and 100 µg/mL streptomycin (Lonza).

4.2. siRNA‑Mediated SP140 Knockdown
iDCs (generated as described above) were transfected with siGENOME human smart‑

pool SP140 siRNA or non‑targeting scrambled siRNA with DharmaFECT™ transfection
reagents according to manufacturer’s protocol (Dharmacon). The cells were then stimu‑
lated with 100 ng/mL LPS for 4 h (for qPCR) or 24 h (for ELISA). The supernatant was
harvested for cytokine measurement, and the cells were lysed (ISOLATE II RNA Lysis
Buffer RLY‑Bioline, London, UK) for RNA extraction.

4.3. Isolation of Human Autologous CD4+ T Cells and DCs‑T Cells Co‑Culture
After CD14+ positive selection (as described above), human autologous CD4+ T cells

were isolated from eluted PBMCs using a negative selection kit (Miltenyi Biotech, Lei‑
den, The Netherlands) according to the manufacturer’s protocol. CD4+ T cells were in‑
cubated for 5 days in RPMI 1640 medium supplemented with 10% FCS, 2 mM L‑glutamine,
100 units/mL penicillin, and 100 µg/mL streptomycin containing IL‑7 (R&D Systems;
10 ng/mL). Vehicle‑ or GSK761‑pretreated iDCs (as described above) were co‑cultured with
autologous T cells (ratio of 1:10) in presence of vaccine antigens in Revaxis (Sanofi Pasteur
MSD, Cambridge, MA, USA, PA54413511) (dilution 1:50) and 100 ng/mL LPS (to induce
maturation and to activate the inflammatory response). After one day of co‑culture, T
cells were purified from DCs using CD209 (DC‑SIGN) MicroBead Kit (Miltenyi Biotech,
Leiden, The Netherlands) according to the manufacturer’s protocol. The purified T cells
were lysed and stored at −80 ◦C for RNA isolation and transcriptional analysis. After 72 h
of co‑culture, the supernatant was collected for cytokine analysis of T‑cell subsets, and
T cells were harvested for flow cytometry (FACS) analysis of intracellular transcription
marker proteins; T‑bet and FOXP3.

4.4. Chromatin Immunoprecipitation (ChIP)
iDCs were generated in vitro from human primary CD14+ monocytes, as described

above. iDCs were either left unstimulated or stimulated with 100 ng/mL LPS for 4, 6,
and 24 h. The cells were cross‑linked with 1% formaldehyde (Sigma) for 10 min at RT
and quenched with 2.5 M glycine (Sigma) for 5 min at RT. The ChIP assay was performed
using the Millipore iDeal ChIP kit for Transcription Factors (Diagenode, Denville, USA),
and sonication was performed using the PicoruptorTM (Diagenode, Denville, USA) ac‑
cording to the manufacturer’s protocols. Chromatin shearing was verified by migration
on a 1% agarose gel (E‑Gel, Thermo‑Fisher) and visualized using E‑Gel imager (Thermo‑
Fisher, Swindon, UK). Immunoprecipitation was performed with a polyclonal SP140 anti‑
body (H00011262‑M07; Abnova, Niefern‑Öschelbronn, Germany). DNA was purified us‑
ing Zymo ChIP DNA Clean & Concentrator Kit (Cambridge Bioscience, Cambridge, UK)
according to the manufacturer’s protocol. ChIP‑qPCR was performed on DNA isolated
from input (unprecipitated) chromatin and SP140 ChIP DNA with primer pairs specific
for the TSS of TNF, IL‑1β, and IL‑10 genes. IgG was used as a negative control to help
differentiate non‑specific background signal from specific antibody signal. PCR primer
sequences are provided in Supplementary Table S2. Quantitative PCR was performed us‑
ing SYBR Green (Applied Biosystems, Bleiswijk, The Netherlands) and ABI PRISM® 7700
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SDS machine (Applied Biosystems, Bleiswijk, The Netherlands). Results were quantitated
using the delta–delta CT (∆∆CT) method.

4.5. Cytotoxicity Assay
DCs were generated in vitro from human primary CD14+ monocytes as described

above. DCs were plated into opaque‑walled 96‑well plate and incubated with a concen‑
tration gradient of GSK761 (0.04–1.11 µM) for 1 h (0.1% vehicle was used as control). The
cells were then stimulated with 100 ng/mL LPS for 24 h. Cell viability was assessed using
CellTiter‑Glo® Luminescent T‑cell Viability Assay kit (Promega, Madison, WI, USA) ac‑
cording to the manufacturer’s protocol. This assay quantifies ATP, an indicator of metabol‑
ically active cells, as described in [62,63]. Briefly, an equal volume of freshly prepared
CellTiter‑Glo® reagent was added to each well; the plate was shaken for 10 min at RT, and
luminescent signals were recorded using a plate reader SpectraMax M5 (Molecular De‑
vices, San Jose, CA, USA). The index of cellular viability was calculated as the fold change
of luminescence with respect to untreated control cells.

4.6. T2 Profiler qPCR‑Array and qPCR
Total RNA was isolated from DCs or T cells using RNeasy Mini Kit (Qiagen, Hilden,

Germany) and treated with DNaseI (Qiagen) according to the manufacturer’s instructions.
RNA was reverse transcribed using the First Strand Synthesis Kit (Qiagen) and loaded
onto a Dendritic and Antigen Presenting Cell RT2 profiler qPCR array or RT2 Profiler™
PCR Array Human T Helper Cell Differentiation, according to the manufacturer’s proto‑
col (Qiagen) and run on QuantStudio 7 Flex (software v1.0). Qiagen’s online GeneGlobe
Data Analysis Center (https://geneglobe.qiagen.com/us/analyze/, accessed on 1 February
2020) was used to determine the differentially expressed genes. The data were presented
as volcano plot. PCR amplification of SP140 was performed by Fast Start DNA Masterplus

SYBR Green I kit on the Light Cycler 480 (Roche, Applied Science, Basel, Switzerland) or
on 7900HT Fast Real‑Time PCR System (Applied Biosystems). All data were normalized
to the geometric mean of two reference genes, B2M and RPLP0.

4.7. Cytokine Analysis
Cytokine levels in the supernatant of vehicle‑ or GSK761‑pretreated DCs (stimulated

with 100 ng/mL LPS for 4 or 24 h) were measured using electro‑chemiluminescence assays
(Meso Scale Discovery [MSD])‑Human ProInflammatory 7‑Plex Tissue Culture Kit (IFN‑γ,
IL‑1β, IL‑6, IL‑8, IL‑10, IL‑12p70, TNF) according to manufacturer’s protocols. Secreted
cytokine levels of TNFα, IL1‑β from SP140 siRNA or scrambled treated DCs were quan‑
tified in collected supernatant using the DuoSet® ELISA Development Systems according
to the manufacturer’s protocol (R&D systems™). The samples were analyzed on an MSD
1250 Sector Imager 2400 (Mesoscale, Rockville, MD, USA) or Synergy HT Multi‑Detection
Microplate Reader (BioTek, Winooski, VT, USA) for MSD or ELISA, respectively.

4.8. Flow Cytometry (FACS)
Further, 2× 105 cells were plated into 96 well round/vbottom plates and subsequently

washed with PBS, and then incubated with Live/dead stain (diluted 1:1000) for 20 min at
RT (in the dark). Cells were then washed in FACS buffer followed by incubation with 50 µL
Fc Block for 15 min at RT. Antibody cocktail was made up according to Supplementary Ta‑
bles S3 and S4. A total of 100 µL of stain was added to the 50 µL cells/block solution and
incubated for a further 20–30 min at 4 ◦C. As controls for all stains, fluorescence minus
one (FMO) was generated and incubated with cells as above in order to determine correct
gating for cell populations. For intracellular staining of transcription factors, a permeabi‑
lization step was performed using 1% Saponin (Sigma‑Aldrich). All sample data were
acquired using the BD FACSCanto II Flow Cytometer with FACS Diva software version
8.01 (BD BioSciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo v10.

https://geneglobe.qiagen.com/us/analyze/
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4.9. Statistics Analysis
Statistical analysis was performed with GraphPad Prism v8.0.2.263 (GraphPad Soft‑

ware Inc.). For group analysis, data were subjected to one‑way ANOVA or Student’s t‑test.
The two‑tailed level of significance was set at p≤ 0.05 (*), 0.01 (**), 0.001 (***) or 0.0001 (****)
for group differences. Data are shown as mean ± SEM. The figures were prepared using
Inkscape 0.92.4.

SupplementaryMaterials: The following are available online at https://www.mdpi.com/article/10.3
390/cimb45050269/s1, Supplementary Figure S1: Validation of the in vitro generation of DCs; Supple‑
mentary Figure S2: LPS stimulation does not induce SP140 recruitment to IL10‑TSS; Supplementary
Figure S3: At ≤0.12 µM, GSK761 showed no cytotoxicity; Supplementary Figure S4: Treatment with
SP140 siRNA reduces pro‑inflammatory cytokines secretion by DCs; Supplemental Table S1: GSK671
decreases the capacity of DCs to induce inflammatory T‑cell phenotypes; Supplemental Table S2:
Oligonucleotide primers; Supplemental Table S3: Antibodies for surface protein staining; Supple‑
mental Table S4: Antibodies for CD3 and intracellular proteins staining.
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