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A B S T R A C T   

Hepatocyte nuclear factor 4 α (HNF4α), a transcription factor (TF) essential for embryonic development, has 
been recently shown to regulate the expression of inflammatory genes. To characterize HNF4a function in im-
munity, we measured the effect of HNF4α antagonists on immune cell responses in vitro and in vivo. HNF4α 
blockade reduced immune activation in vitro and disease severity in the experimental model of multiple sclerosis 
(MS). Network biology studies of human immune transcriptomes unraveled HNF4α together with SP1 and c-myc 
as master TF regulating differential expression at all MS stages. TF expression was boosted by immune cell 
activation, regulated by environmental MS risk factors and higher in MS immune cells compared to controls. 
Administration of compounds targeting TF expression or function demonstrated non-synergic, interdependent 
transcriptional control of CNS autoimmunity in vitro and in vivo. Collectively, we identified a coregulatory 
transcriptional network sustaining neuroinflammation and representing an attractive therapeutic target for MS 
and other inflammatory disorders.   

1. Introduction 

HNF4α is a member of the nuclear receptor superfamily of ligand- 
dependent transcription factors (TFs) [1]. Necessary for proper devel-
opment and highly expressed in the liver, kidney, small intestine, colon 
and pancreatic cells, it regulates the expression of genes involved in 
processes such as lipid, glucose and protein metabolism, hematopoiesis 
and blood coagulation [2]. Described for a long time as an orphan re-
ceptor, it binds to fatty acyl-CoA but not free fatty acids or CoA, and, 
while saturated fatty acyl-CoA with chains of 14 and 16 carbon atoms 
promote HNF4α transcriptional activity, ω-3 polyunsaturated fatty 
acyl-CoA and saturated long-chain fatty acids inhibit its function [3,4]. 
Interestingly, HNF4α controls sexually dimorphic gene expression in the 
liver [5], and has been identified as a candidate epigenetic interactor of 

genes differentially expressed in immune cells of male and female pa-
tients affected by multiple sclerosis (MS) [6]. MS is a chronic disorder of 
the central nervous system (CNS), characterized by demyelination, 
neurodegeneration, immune cell dysregulation in the periphery and 
infiltration in the nervous tissue [7–10]. As HNF4α may induce the 
expression of inflammatory genes [11] and abundance of agonistic 
HNF4α ligands and deficiency in antagonistic fatty acids are reported in 
MS plasma [12], here we hypothesized a direct role for HNF4α in im-
mune function, MS and its experimental model, the experimental 
autoimmune encephalomyelitis (EAE). Moreover, we postulated and 
verified the existence of more complex TF networks implied in MS, 
regulated by known MS risk factors and controlling immunity in vitro 
and in vivo. 
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2. Materials and methods 

2.1. Animals and experimental autoimmune encephalomyelitis (EAE) 

All procedures involving animals were authorized by the Institu-
tional Animal Care and Use committee of the San Raffaele Scientific 
Institute and the Italian General Direction for Animal Health at the 
Ministry of Health. Wild type C57BL/6 N female mice were purchased 
from Harlan laboratories and housed in the institutional facility 
providing constant temperature (22 ± 1 ◦C), humidity (50%) and 12 h 
light/dark cycle. They had ad libitum access to food and water. EAE was 
induced in 8-week-old wild type C57BL/6 N female mice by subcu-
taneous injection of 200 μg MOG35-55 peptide emulsified in complete 
Freund’s adjuvant (BD Biosciences) containing 5 mg/ml Mycobacterium 
tuberculosis (BD Biosciences). Bordetella pertussis toxin (List-Quad-
ratech) was administered by intra-peritoneal (i.p.) injection at the day of 
immunization (400 ng/mouse) and 2 days later (200 ng/mouse). Ani-
mals were monitored daily and scored as follows: 0 = no disease; 1 =
flaccid tail; 2 = gait disturbance; 3 = complete hind limb paralysis; 4 =
tetraparesis and 5 = death as previously described [6,13]. Three 
mg/kg/day BIM5078 (HNF4α inhibitor, Cayman Chemicals), BI6015 
(HNF4α inhibitor, Merck Millipore), WP631-dimethansulfonate (SP1 
inhibitor, Zageno) and OTX015 (c-myc inhibitor, Selleckchem) were 
orally administered to C57BL/6 N immunized mice at day 7 
post-immunization or three days after disease onset. Eventually, drug 
treatments were discontinued after day 31 post immunization. Control 
mice received administration of vehicle (0,12% DMSO v/v in 0.9% NaCl 
physiologic solution). Experimenters were blind to treatment regimen of 
EAE mice. 

2.2. Recruitment of human subjects, blood sampling and PBMC 
preparations 

All procedures in studies involving human subjects were approved by 
the Ethical Committee at San Raffaele Scientific Institute and performed 
in accordance with the ethical standards as laid down in the 1964 
Declaration of Helsinki and its later amendments or comparable ethical 
standards. Informed consent was obtained from all participants to the 
study. Blood sampling was performed between 9 and 12 a.m. MS pa-
tients enrolled in this study were classified in accordance to McDonald’s 
criteria [14] and none of them was suffering from other inflammatory 
and autoimmune disorders and was under immunomodulatory or 
immunosuppressive therapy. Similarly, blood samples were obtained 
from healthy donors. Peripheral blood mononuclear cells (PBMC) were 
isolated from anticoagulated whole blood as previously described [6] 
and immediately used for in vitro assays. 

2.3. PBMC stimulation 

PBMC were counted by Trypan Blue exclusion (Sigma-Aldrich, 
Milan, Italy) and resuspended in RPMI 1640 (Thermo Fisher Scientific) 
supplemented with 5% fetal bovine serum (FBS), 1% glutamine and 1% 
penicillin/streptomycin (Euroclone). Cells were seeded in 96-well round 
bottom plates at the concentration of 2 × 105 cells/well. PBMC were 
exposed for 4 h to HNF4α inhibitors BIM5078 (Cayman Chemicals) or 
BI6015 (Merck Millipore), SP1 inhibitor WP631-dimethansulfonate 
(Zageno), c-myc inhibitor OTX015 (Selleckchem), cigarette smoke 
conditioned media (CS, prepared as described in Bernhard et al., 2004) 
and 41,6 pg/ml 1,25-Dihydroxyvitamin D3 (aVitD3) (Tocris). After this 
incubation, immune cell activation was triggered for 18 h (for cyto-
fluorimetric or immunofluorescence analyses) or 3 days (for prolifera-
tion assays) with appropriate stimuli: lipopolysaccharide (LPS; 1 μg/mL) 
(Sigma-Aldrich) and Concanavalin A (ConA; 2,5 μg/mL) (Sigma- 
Aldrich) for monocyte and T lymphocyte activation, respectively. 

2.4. Flow cytometry 

PBMC were labeled with antibodies against CD3 (1:50, Biolegend) 
and CD14 (1:50, Biolegend), for T lymphocyte or monocyte discrimi-
nation, respectively. Antibodies against CD25 (1:50, Biolegend), CD150 
(1:10, Biolegend) and CD69 (1:400, Biolegend) were used to evaluate 
immune cell activation and 7AAD (Biolegend) for cell viability. Samples 
were acquired at BD FACSCanto II (BD Biosciences) and analyzed by 
FlowJo software (Tree Star Inc). Thresholds for positive stainings were 
fixed on the corresponding isotype controls. In each experiment 2 to 3 
technical replicates were analyzed. 

2.5. RNA extraction, cDNA synthesis and qualitative PCR amplification 

Total RNA from PBMC was extracted by TriReagent (Thermo Fisher 
Scientific), quantified at NanoDrop spectrophotometer and reverse 
transcribed using random primers and Superscript III reverse tran-
scriptase (Thermo Fisher Scientific). Qualitative RT-PCR was performed 
using GoTaq G2 DNA polymerase (Promega) and dNTPs set (Thermo 
Fisher Scientific). The specific HNF4α primers were designed as follows: 
Exon 3–4 (Fw primer CATCAGAAGGCACCAACCTC, Rev primer 
GGCACTGGTTCCTCTTGTCT), Exon 3–8 (Fw primer GAGATC-
CATGGTGTTCAAGGA, Rev primer ATGATGGCTTTGAGGTAGGC), 
Exon 7–8 (Fw primer GAGATCCATGGTGTTCAAGGA, Rev primer 
ATGATGGCTTTGAGGTAGGC). PCR products were separated by elec-
trophoresis in 2% agarose gel and visualized by SYBR-safe (Thermo 
Fisher Scientific) staining. Human liver mRNA was used as positive 
control and processed as described above. Negative control (amplifica-
tion mix without any cDNA) was used to exclude any contamination. 
The reaction was performed according to the following conditions: 2 
min at 95 ◦C; 40 cycles of 20 s at 95 ◦C, 20 s at 55 ◦C, 30 s at 72 ◦C, and a 
final extension period of 10 min at 72 ◦C in Mini Thermal Cycler (Bio- 
Rad). 

2.6. Microarray experiments and differential gene expression analysis 

Total RNA from untreated and BI6015-treated PBMC was used for 
gene expression profiling with Illumina HT-12-v4 arrays (Illumina). 
RNA quality was checked at Bionalyzer 2100 (Agilent Technologies). 
Reverse transcription and biotinylated cRNA synthesis were performed 
using the Illumina TotalPrep RNA Amplification Kit (Thermo Fisher 
Scientific), according to the manufacturer’s protocol. Array hybridiza-
tion, washing, staining and scanning in the Beadstation 500 (Illumina) 
were performed according to standard Illumina protocols. The summary 
probe profile was exported to R/Bioconductor platform [15] to perform 
pre-processing (filtering for detection pvalue<0.05 and intensity >100 
in at least one experimental group) and differential expression analysis 
(eBayes p value < 0.01). 

PBMC transcriptomes relative to 186 healthy, CIS and MS subjects 
(see Table S2 for demoraphic and clinical features) were generated with 
HumanRef-8 v2 arrays (ArrayExpressID E-MTAB-11415). The raw in-
tensities were background subtracted using nec function in LIMMA 
package [16,17] which performs background correction using negative 
control probes. The data were normalized using cubicspline method and 
the probes were filtered if detected (p value < 0.01) in at least 20% of 
samples. Finally, the filtered 11,184 probes were log2 transformed and 
were subjected to batch correction using ComBat package [18], in order 
to nullify the bias due to different hybridizations time points. Towards 
the identification of differentially expressed genes, the samples were 
divided into screening and validation groups (ratio ~ 50:50, Table S2). 
We used three parallel statistical methods to identify the differentially 
expressed genes. A differentially expressed gene was the one that passed 
any of the two tests in the screening group and at least one test in the 
validation group. The statistical tests were Welch t-test (p-value <0.05), 
Significant Analysis of Microarrays (fdr <0.2) and LIMMA (p-value 
<0.05). Genes deregulated by the healthy aging were identified by 
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measuring the Spearman’s rank correlation between the age and 
expression level in the healthy group. The correlation coefficient 
threshold was set to ±0.5 (p-value <0.01). 

2.7. Transcription factor network analysis (TFNA) 

TFNA was performed using Metacore (Thomson Reuters). This tool 
considers the downstream targets of transcriptional regulation by the TF 
and also all possible types of interactions between a DEG and the TF 
described in the literature. Thus, TFNA derives interactomes for each TF 
interacting with DEG and calculates the statistical significance (hyper-
geometric test). Of note, p-values are normalized for the generated 
networks, meaning that the statistical test considers all the interacting 
nodes among the given user input (DEG list). Metacore tool provides the 
z-score as secondary indication of statistical significance. 

2.8. Immunofluorescence and confocal microscopy 

PBMC cultures were fixed with 4% paraformaldehyde for 10 min at 
RT, permeabilized for 1 h at RT (2% BSA, 2% FBS, 0,1% Triton X-100 
buffer) and then incubated with primary antibodies diluted in 10% FBS- 
0,1% Triton X-100 solution and directed against HNF4α (1:1000, 
Abcam), SP1 (1:50, Santa Cruz Biotechnology), c-myc (1:200, Abcam), 
CD3 (1:600, Biolegend), CD4 (1:50, Biolegend), CD8 (1:50, Biolegend) 
and CD14 (1:600, Biolegend) or isotype controls. After overnight incu-
bation at 4 ◦C, cells were washed two times with PBS and then incubated 
1 h at room temperature with the following secondary antibodies: Alexa 
Fluor 488 or 594 anti-mouse Ig (1:1000, Thermo Fisher Scientific) and 
Alexa Fluor 488 or 647 anti-rabbit Ig (1:1000, Thermo Fisher Scientific). 
Nuclei were labeled with DAPI (1:10000, Sigma-Aldrich). Cells were 
fixed on slides after cytospin centrifugation (3’ at 900 rpm, medium 
speed, Thermo Shandon). To quantify nuclear HNF4α, SP1 and c-myc, 
DAPI images were converted to 8-bit, and regions of interest (ROIs) were 
generated to select (DAPI positive) nuclei. Then ROIs were applied to the 
corresponding HNF4α/SP1/c-myc images and fluorescence thresholds 
were fixed on the unstimulated condition. The area of positive nuclear 
signal was quantified and expressed as percentage of total nuclear area. 
For each condition 2 to 3 technical replicates were analyzed. Images 
were captured at Leica TCS SP5 confocal laser-scanning microscope 
equipped with 40 × and 63 × oil objectives. Acquisition settings were 
set on negative controls and single stacks were acquired by LASAF and 
LASX softwares. ImageJ software was used for image analysis by blinded 
investigators. 

2.9. Super-resolution microscopy 

For super-resolution images PBMC were stained as mentioned above. 
Direct stochastic optical reconstruction microscopy (dStorm) was used 
to determine localization imaging [19]. dStorm was performed on a 
Leica SR GSD-3D (Leica Microsystems Srl) super-resolution microscope 
equipped with a 150 × 1.45NA objective, an Andor iXon Ultra-897 
EM-CCD sensor and three solid state lasers. The samples were moun-
ted on the stage and the medium was substituted prior to acquisition 
with the TN buffer (560 μg/ml glucose oxidase, 400 μg/ml catalase and 
100 mM cysteamine HCl) supplemented with 10% glucose (w/v) pH 8.0, 
to induce blinking of the fluorophores. Alexa 568 and Alexa 647 were 
imaged sequentially (starting from the far-red channel). 40.000 images 
were collected for each channel with 8 ms exposure times and an 
increasing ramp of 405 nm laser intensity with powers between 0 and 
0.8 mW was used to reactivate the molecules in long-lived dark states. 
Localization events with less than 20 photons/pixel for the Alexa 647 
dye and 30 photons/pixels for the Alexa 568 dye were discarded. The 
super-resolution images were reconstructed as 2D histograms for visu-
alization purposes (pixel size: 20 nm). 

2.10. ELISA 

Human TNF-α, IFN-γ and IL-17 levels were measured in PBMC su-
pernatants by ELISA MAX™ Standard Set (Biolegend) according to the 
manufacturer’s protocol. Colorimetric read-out was analyzed by Epoch 
Micro-Volume Spectrophotometer System (Biotek). Experiments were 
performed in duplicates. 

2.11. T cell proliferation assays 

Spleen and lymph node cells were isolated from naïve or EAE mice, 
seeded in 96-well round bottom plates in complete RPMI medium and 
preincubated in vitro with vehicle, BIM5078, CS or aVitD3. Alterna-
tively, spleen and lymph nodes cells were derived from EAE mice treated 
with vehicle or TF inhibitors. Cells then were stimulated with increasing 
concentrations of MOG35-55 peptide or ConA (5 μg/ml). T cell prolifer-
ation was also investigated in PBMC eventually treated with BIM5078 
and stimulated with ConA. After 72 h cultures were pulsed for 18 h with 
0.5 mCi/well of [3H] thymidine and harvested. Thymidine incorpora-
tion was measured from quadruplicate cultures per condition on a 
β-counter (PerkinElmer) and data were reported as proliferation index 
[cpm + antigen/cpm media]. 

2.12. Quantification and statistical analysis 

Quantification details are provided along the methods section and in 
figure legends. Details about the statistical methods, the exact number of 
mice, samples or performed independent experiments are reported in 
figure legends. Statistical analyses were performed in Excel or GraphPad 
Prism. Normality of data distribution was assessed by Kolmogorov- 
Smirnov statistics. Student t-test (in case of normal distribution) or 
non-parametric Mann-Whitney U Test (in case of non-normal distribu-
tion) were performed to compare means. For statistical evaluation of 
EAE score and proliferation assays, linear regression analysis with 95% 
confidence interval was used. For microarray experiments and differ-
ential gene expression analysis, statistical methods are described in the 
relative methods section. In figures, asterisks denote statistical signifi-
cance as *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. 

3. Results 

3.1. HNF4α modulates immune cell function in vitro and in vivo 

Molecular biology and immunofluorescence experiments demon-
strated HNF4α mRNA in human peripheral blood mononuclear cells 
(PBMC) from healthy subjects (Fig. 1A and B) and HNF4α protein in CD4 
and CD8 positive T lymphocytes (Fig. 1C left panels) and monocytes 
(CD14 positive cells, Fig. 1C right panel). To dissect the role of this TF in 
immune function, we inhibited its activity by two antagonists, BIM5078 
and BI6015, that specifically bind HNF4α ligand-binding pocket and 
block its transcriptional activity [20]. In a first set of experiments, we 
evaluated human immune cell activation in the presence of the antag-
onists in vitro. Briefly, PBMC were exposed to non-toxic concentrations 
of inhibitors (Figs. S1A–B) for 4 h and then stimulated with ConA and 
LPS to induce T lymphocyte or monocyte activation respectively. After 
18 h of stimulation, cells were recovered and immune cell activation (via 
CD25 and CD69 staining for T lymphocytes, and CD25 and CD150 
staining for monocytes [21,22]) was analyzed by flow cytometry. 
BIM5078 significantly reduced the induction of activation markers on T 
lymphocytes (Fig. 1D and E) and monocytes in a 
concentration-dependent manner (Fig. 1F and G). Consistently, this 
action resulted in the inhibition of ConA-induced production of IFN-γ 
and IL-17 by T lymphocytes (Fig. S1C) and of LPS-induced TNF-α release 
by monocytes (Fig. S1D). Similarly, BI6015 dramatically reduced the 
expression of all activation markers on T lymphocytes (Fig. 1H and I) 
and monocytes (Fig. 1J and K). Transcriptomics analysis of PBMC 
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Fig. 1. HNF4α is expressed by human T cells and monocytes, where it regulates cell activation (A) Schematic representation of three different primer combinations 
designed to evaluate HNF4α expression by qualitative RT-PCR. (B) HNF4α transcript expression in human PBMC by RT-PCR. cDNA was extracted from PBMC of two 
healthy donors. cDNA from human liver was used as positive control. (C) Representative images of HNF4α protein expression in CD3, CD4, CD8 or CD14 positive 
cells. Scale bar = 5 μm. (D–E) Frequency of CD25 (D) and CD69 (E) expressing T lymphocytes in unstimulated and ConA-stimulated PBMC cultures in the absence or 
presence of increasing concentrations of BIM5078. (F–G) Percentage of CD25 (F) and CD150 (G) positive monocytes in unstimulated and LPS-stimulated cultures at 
increasing concentrations of BIM5078. (H–K) The same as in (D–G) reporting T lymphocyte (H–I) and monocyte (J–K) activation after BI6015 treatment. (L) Heatmap 
showing differentially expressed genes in untreated vs. BI6015 treated PBMC. Highlighted are genes associated with regulation of immune cell activation. (M − N) 
ConA-induced T cell proliferation of human PBMC (M) and mouse splenocytes (N) after exposure to increasing concentrations of BIM5078 (M) or BI6015 (N). (O) Ex- 
vivo T cell proliferation in a spleen culture from a MOG35-55 peptide immunized mouse when exposed in vitro to vehicle or BIM5078. (P) EAE expression in mice 
orally treated with HNF4α inhibitors (BIM5078 n = 9 or BI6015 n = 8) or vehicle (n = 10) from day 7 post immunization. Bars represent SEM. (Q–R) Ex vivo 
proliferation of MOG35-55 -specific T cells from the spleens (Q) or draining lymph nodes (R) of BIM5078-, BI6015- or vehicle-treated EAE mice (n = 5 animals/group). 
Representative data of one out of 2–6 independent experiments are shown. Statistical analysis: Student t-test in (D-K, M, N) and linear regression in (O–R). In (P) 
differences between slopes were analyzed from day 17 post immunization. *p-value <0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. See also 
Figs. S1 and S2 and Supplementary Table 1. 
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exposed for 4 h to BI6015 or to vehicle evidenced that the compound 
induced higher expression of genes inhibiting immune cell activation, 
such as MEFV [23], CD8b and LYZ genes [24], while downregulating 
LEPR [25], CD69, CD83 [26], CLEC7A [27] and HLADRB6 and other 
positive regulators of immune function (Fig. 1L, Table S1). Indeed, 
exposure to HNF4α antagonists significantly reduced ConA-induced T 
cell proliferation in human (Fig. 1M) and mouse cultures (Fig. 1N). To 
verify whether HNF4α antagonism could interfere with antigen-driven 
activation, we immunized C57BL6 mice with the encephalitogenic 
MOG35-55 peptide, recovered the spleens and measured the proliferation 
of antigen-specific T cells ex vivo in absence or presence of BIM5078. 
HNF4α antagonism inhibited in vitro MOG35-55 peptide-specific T cell 
proliferation (Fig. 1O). These results offered the rationale for in vivo 

administration of HNF4α antagonists in the experimental model of MS, 
the EAE. Daily oral administration of HNF4α inhibitors from day 7 post 
immunization before any clinical manifestations significantly amelio-
rated disease severity and demonstrated higher efficacy for BI6015 than 
BIM5078 (Fig. 1P and S2). Consistently, ex vivo T cell responses in the 
spleens (Fig. 1Q) and draining lymph nodes(Fig. 1R) of the three groups 
of animals indicated that in vivo HNF4α antagonism inhibited MOG35-55 
peptide-specific T cell responses, with a stronger effect mediated by 
BI6015 (Fig. 1Q-R). 

Overall, these results indicated that HNF4α activity supported innate 
and adaptive immunity in vitro and in vivo, and identified novel com-
pounds, BIM5078 and BI6015, targeting HNF4α for the regulation of 
neuroinflammation. 

Fig. 2. HNF4α, SP1 and c-myc are common transcription factor network hubs in immune signatures of CIS and MS subjects. (A) Flow chart for the study of PBMC 
transcriptomes from healthy and diseased subjects. Gene expression data relative to healthy controls, CIS, RR-MS, SP-MS and PP-MS patients were collected. Raw 
intensities were background-subtracted using nec function in LIMMA package, normalized and filtered. Then, 11,184 probes were log2 transformed and subjected to 
batch correction using ComBat package. The samples were divided into screening and validation cohorts (ratio ~ 50:50) and each diseased group was compared to 
the healthy population. To identify DEG three parallel statistical methods were applied: Welch t-test (p-value <0.05), Significant Analysis of Microarrays (fdr <0.2) 
and LIMMA (p-value <0.05). A validated DEG was the one that passed at least two tests in the screening group and at least one test in the validation group. Since PP- 
and SP-MS group included older subjects than CIS and RR-MS patients, genes correlating with aging were identified by measuring the Spearman’s rank correlation 
between the age and expression level in the healthy group, and removed from the list of the validated DEG. Venn Diagram shows unique and overlapping age- 
corrected validated DEG. Finally, DEG lists were used for Transcription Factor Network Analysis (TFNA). (B) Significant transcription factor network hubs at 
each disease stage. (C) A graphical depiction of HNF4α network in all disease lists. HNF4α present at the center of the network is linked to DEG (nodes) appearing in 
the distinct CIS, RR-MS, PP-MS and SP-MS signatures. (D–G) HNF4α (blue), SP1 (green) and c-myc (red) network interactions in CIS (D), RR-MS (E), PP-MS (F) and 
SP-MS (G) transcriptomes. 
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3.2. HNF4α, SP1 and c-myc are transcription factor network hubs in MS 
blood transcriptomes 

MS is a neurological disorder characterized by heterogeneity in 
clinical courses, manifestations and histopathological findings [28]. CIS 
represent the first clinical episode of an inflammatory demyelinating 
disorder suggestive of MS. Most CIS will develop RR-MS, characterized 
by clinical and inflammatory attacks followed by periods of recovery 
and stability. With time, most RR-MS subjects will evolve to SP-MS, with 
advancing neurological impairment in absence of recognizable relapses. 
A small fraction of MS subjects experience worsening of neurologic 
function from the onset and are thus defined PP-MS [29]. We analyzed 
PBMC transcriptomes relative to 40 healthy subjects, 49 CIS, 53 RR-MS, 
21 SP-MS and 23 PP-MS patients (Table S2, ArrayExpressID E-M 
TAB-11415), and applied a semi-automated pipeline in R Bio-
conductor platform to perform preprocessing and differential expression 
analysis (Fig. 2A). Towards the identification of differentially expressed 
genes, samples were divided into screening and validation cohorts (ratio 
~ 50:50) according to specific clinical and demographic criteria 
(Table S2) and transcriptomes from each disease group were compared 
to those from the healthy population. We used three parallel statistical 
methods to identify the differentially expressed genes (DEG): Welch 
t-test (p-value <0.05), Significant Analysis of Microarrays (FDR <0.2) 
and LIMMA (p-value <0.05). A validated differentially expressed gene 
(DEG) was the one that passed at least two tests in the screening group 
and at least one test in the validation group. As PP-MS and SP-MS groups 
included older subjects than CIS and RR-MS patients, probes correlating 
with aging were identified by measuring the Spearman’s rank correla-
tion between age and expression level in the healthy group and removed 
from the list of the validated DEG. Thus, we obtained 4 distinct lists of 
DEG which were normalized against the healthy population and vali-
dated in two comparisons on independent screening and validation 
samples (Fig. 2A). The CIS, RR-MS, SP-MS and PP-MS signatures 
comprised 422, 324, 730, 748 probes respectively, and partially over-
lapped among the distinct disease stages (Fig. 2A), indicating unique 
and shared transcriptional dysregulations at distinct stages of disease. 
To define transcriptional regulators of differential expression in MS, we 
performed transcription factor network analysis (TFNA), which maps 
possible interactions between DEG and candidate TF, thus generating 
interactomes for each TF passing statistical significance. TFNA analysis 
revealed three significant transcription factor network hubs associated 
with the transcriptional signatures of CIS and all MS forms and centered 
around HNF4α, SP1 and c-myc (Fig. 2B). A graphical depiction of HNF4α 
network in all disease groups is shown in Fig. 2C, where HNF4α is at the 
center of the network and linked to DEG (nodes) appearing in the 
distinct CIS, RR-MS, PP-MS and SP-MS signatures. Interestingly, the 
analysis of the network for the three TFs at each stage of disease showed 
that the three TF networks (HNF4α in blue, c-myc in red, SP1 in green) 
were not independent one from the other but that several DEG were 
positioned at the interface and contacted by more than one TF, sug-
gesting coregulation of differential expression in MS (Fig. 2D–G). Thus, 
the analysis of human immune cell transcriptomes in health and under 
distinct stages of disease coupled with the reconstruction of the signif-
icant transcriptional networks linked to differential expression high-
lighted three key interactomes in all MS signatures based on HNF4α, SP1 
and c-myc. 

3.3. HNF4α, SP1 and c-myc triad is higher in MS immune cells, boosted 
by activation and further enhanced by environmental MS risk factors 

To validate in silico data about interaction among HNF4α, SP1 and c- 
myc networks in immune cells, we initially measured nuclear protein 
levels of these TFs in PBMC from healthy subjects under resting and 
stimulated conditions. As shown in Fig. 3 A-D, the low levels of TFs and 
the absence of colocalization with HNF4α detected in resting cells 
changed and significantly augmented upon T cell (Fig. 3A and C) or 

monocyte (Fig. 3B and D) stimulation, indicating that immune cell 
activation regulated TF protein levels and led to their colocalization. 

Cigarette smoke and low levels of vitamin D are known risk factors 
for MS [30]. We checked whether culture media conditioned with 
cigarette smoke (CS) or added with the biologically active form of 
vitamin D3 called 1α,25-dihydroxyvitamin D3 (aVit D3) modulated in 
vitro the activation of myelin-reactive T cells isolated from EAE mice. 
Conventional cell culture media contain little vitamin D due to serum 
dilution and thus reproduce the low vitamin D condition. While the 
addition to culture media of physiological plasma levels of aVit D3 [31] 
restricted T cell function (Fig. 3E), non toxic levels of CS-conditioned 
media enhanced MOG-specific T cell proliferation (Fig. 3F). Similarly, 
physiological aVit D3 reduced the activation of human T lymphocytes 
(Fig. 3G and H), whereas CS media showed the opposite effect (Fig. 3I 
and J). Importantly, activation of T lymphocytes at low levels of Vit D as 
in control media or in the presence of CS was associated with signifi-
cantly higher nuclear levels of HNF4α, SP1 and c-myc compared to aVit 
D3-conditioned media or control media respectively (Fig. 3K). 

Finally, we verified TF protein expression ex vivo in PBMC from MS 
and healthy subjects and found higher levels of HNF4α and SP1 in MS 
cells compared to control cells, while c-myc protein was similarly 
expressed in healthy and MS immune cells (Fig. 3L-O). High-resolution 
nuclear mapping of HNF4α and SP1 by super-resolution microscopy 
confirmed major TF expression and colocalization in MS cells (Fig. 3P). 
Thus immune cell activation and dysimmune condition under pathology 
were characterized by alterations in TF expression and colocalization. 

3.4. HNF4α, SP1 and c-myc exert non-synergic, interdependent 
transcriptional control of immunity in vitro and in vivo 

A biochemical study conducted in cancer cell lines suggested that 
competitive interaction of HNF4α, SP1 and c-myc may take place at gene 
promoters, depend on c-myc levels and skew cell function [32]. To 
define the outcome of TF interaction on immune cell activation, we 
performed in vitro experiments on human PBMC with compounds tar-
geting HNF4α, SP1 and c-myc. We used BI6015 for HNF4α blockade and 
WP631 (a DNA intercalating compound at SP1 binding sites [33,34]) for 
SP1 inhibition. As no direct c-myc antagonists are currently available, 
we used OTX015 which downregulates c-myc expression by targeting 
bromodomain and extraterminal domain proteins [35]. As control 
experiment, we checked whether the inhibitors altered TF expression in 
unstimulated and ConA- or LPS-stimulated human immune cells. While 
HNF4α antagonism at the ligand-binding domain by BI6015 did not 
change any TF expression in resting and activated T lymphocytes 
(Fig. S3A) and monocytes (Fig. S3B), SP1 and c-myc inhibition 
hampered specifically target levels in activated cells (Figs. S3A–B). Next, 
we tested the effects of dual TF inhibition on immune cell activation by 
flow cytometry. Fig. 4 displays ConA- or LPS-mediated induction of 
activation markers on T cells (Fig. 4A and C) or monocytes (Fig. 4B and 
D) respectively and 100% indicates maximal induction achieved in 
absence of TF inhibitors. Interestingly, HNF4α inhibitor alone was more 
efficient in blocking the activation of T lymphocytes (Fig. 4A) and 
monocytes (Fig. 4B) than SP1 antagonist alone or their combination, 
indicating that the action of the two TFs was not synergic and that the 
effect of HNF4α antagonism on immune cell function partly relied on 
SP1 transcriptional activity. Though c-myc inhibition alone did not 
impair T lymphocyte (black line, Fig. 4C) and monocyte activation 
(black line, Fig. 4D), it weakened the immunosuppressive action of 
HNF4α inhibitor and completely blocked the one of the SP1 inhibitor 
(red line, Fig. 4C and D), suggesting that immune cell activation 
depended on HNF4α and SP1 transcriptional activity only if c-myc levels 
were high. Similar to the in vitro results, HNF4α and SP1 inhibitors 
ameliorated EAE expression even when administered in a therapeutic 
setup three days after disease onset, with a stronger effect displayed by 
HNF4α inhibitor, but their combination did not have any synergistic 
action (Fig. 5A-B and S4A). In harmony with in vivo observations, ex 
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vivo encephalitogenic T cell responses were mostly reduced in EAE mice 
treated with SP1 or HNF4α inhibitors alone (Fig. 5C and D). Similarly, 
HNF4α inhibitor displayed the maximal therapeutic effect in the EAE 
model when given alone rather than in combination with c-myc inhib-
itor, which also significantly ameliorated disease course when given 
alone (Fig. 5E-F and S4B). Interestingly, treatment discontinuation after 
day 33 post immunization did not lead to disease worsening, indicating 
a long-lasting therapeutic effect (Fig. S4C). Ex vivo encephalitogenic T 
cell responses in the spleen and lymph nodes were mostly affected in 
mice treated with HNF4α inhibitor alone (Fig. 5G and H). 

In summary, HNF4α, SP1 and c-myc were coexpressed in immune 
cells but immune cell activation, the generation of myelin-reactive T cell 
responses and the expression of experimental neuroinflammation 
depended strongly on HNF4α mainly in the context of normal SP1 and c- 
myc function. 

4. Discussion 

4.1. HNF4α regulates immunity and neuroinflammation 

Despite previous work showing detectable HNF4α transcripts in 
immune cells [36], no information was available about the role of this 
TF in immunity. Here we report that HNF4α is expressed by immune 
cells where it supports activation, proliferation and cytokine release, 

and that its inhibition reduces the generation of myelin-reactive T cells 
in lymphoid organs and ameliorates disease severity in the experimental 
model of multiple sclerosis. Since HNF4α is known to be implicated in 
other pathological conditions, such as hepatitis B and liver cancer [37, 
38], many efforts have been made to develop compounds inhibiting 
HFN4 α activity. BIM5078 is a potent HNF4α antagonist that directly 
binds HNF4α ligand-binding pocket and modulates the expression of 
known HNF4α target genes [20]. However, in vivo pharmacokinetic 
studies indicate low plasma stability, moderate microsomal stability and 
low solubility for this compound. Among structural analogs of BIM5078, 
BI6015 exerts potent and specific HNF4α inhibition and a better phar-
macokinetic profile [20]. Differently from a published study showing 
drug effects on cancer cell lines at high concentration (>5 μM) [20], in 
our in vitro system of primary immune cells very low, non toxic con-
centrations (0,3–0,6 μM) of HNF4α antagonists were sufficient to inhibit 
activation and cytokine production by human T cells and monocytes and 
reduced overall mouse and human T cell proliferation. Indeed, HNF4α 
inhibition downregulated genes supporting immune cell activation in 
human PBMC, while upregulating negative regulators of immune func-
tion. A report combining ChIP assays with expression profiling after 
HNF4α RNA interference and protein binding microarrays in HepG2 
cells identified several genes involved in immune response as direct 
targets of HNF4α [39], some of which (e.g. MAF, GM2A and HNMT) 
have dysregulated higher expression in MS PBMC compared to healthy 

Fig. 3. HNF4α, SP1 and c-myc interact but do not exert synergistic activity on immune cell activation (A–D) Representative confocal imaging for HNF4α (green), SP1 
or c-myc (red) in nuclei of lymphocytes (A) and monocytes (B) from healthy donors in resting (upper panels) or stimulated conditions (lower panels) and relative 
quantifications (C–D). Nuclei were stained with DAPI (blue). (C–D) Nuclear levels of transcription factors (left panels) and colocalization between HNF4α and SP1 or 
c-myc (right panels) in resting, ConA- (C) or LPS- (D) stimulated PBMC cultures. (E–F) Ex-vivo T cell proliferation in splenocyte cultures from MOG35-55 peptide 
immunized mice after in vitro exposure to control media or aVitD3- (E)/CS (F)-conditioned media. Data are reported as mean proliferation index in splenocyte 
cultures from n = 4 (E) or n = 5 (F) EAE mice, and error bars represent SEM. (G–J) Percentage of CD25 (G,I) and CD69 (H,J) expressing T lymphocytes exposed to 
control media, aVitD3 (G–H) or CS (I–J) in resting or ConA-stimulated PBMC cultures. (K) Nuclear levels of HNF4α, SP1 and c-myc in ConA-stimulated PBMC cultures 
exposed to aVitD3 (light grey columns) or CS (dark grey colums). Data are reported as percentage of values obtained in control cultures exposed to ConA only. (L–O) 
Representative confocal images showing HNF4α (green), SP1 (red; upper panels) and c-myc (red; lower panels) protein expression in lymphocytes (L) and monocytes 
(M) from healthy donors (n = 5, left panels) or MS patients (n = 4, right panels) and relative quantifications (N–O). (P) Representative super-resolution microscopy 
images of HNF4α (green) and SP1 (red) in cells from a healthy subject (left) or MS patient (right). Representative data of one out of 3 in (C–D) or 3–10 in (G–K). In 
(K), the sum of 3 independent experiments is reported and error bars represent SEM. Scale bars = 10 μm in (A-B, L-M), 20 μm in (P). Statistical analysis: linear 
regression in (E–F) and Student t-test in (C-D, J-K, N–O. *p-value <0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. See also Fig. S3. 

Fig. 4. Effects of TF inhibitors on immune cell activation. (A–D) Expression of activation markers on T lymphocytes (A,C) and monocytes (B,D) in PBMC cultures 
stimulated with inhibitors for HNF4α (BI6015, light blue lines), SP1 (WP631, green lines), c-myc (OTX015, black lines) or control media. Red lines report combi-
nation of inhibitors. 100% indicates maximal induction achieved in absence of TF inhibitors and data are reported as percentage with respect to control condition. 
Concentration used were: 0,06 μM (low) and 0,6 μM (high) for BI6015, 0,01 μM (low) and 0,1 μM (high) for WP631, 100 nM (low) and 100 μM (high) for OTX015. 
Representative data of one out of 3 independent experiments are shown. Statistical analysis: Student t-test. *p-value <0.05, **p-value <0.01, ***p-value <0.001. 
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controls [7,8]. This evidence suggests that HNF4α antagonism may 
represent an appropriate pharmacological strategy to counterregulate 
immune dysregulations in MS and treat the disease. Consistently, we 
observed that in vivo administration of HNF4α antagonists reduced EAE 
severity and T cell responses to the encephalitogenic MOG peptide, with 
BI6015 being more potent than BIM5078. However, we cannot exclude 
that systemic administration of these small molecules may affect other 
compartments in addition to peripheral immunity. Overall, these results 
affirm the existence of a novel transcriptional regulator supporting the 
activation of innate and adaptive immune responses, and of a novel class 
of immunomodulatory compounds for the treatment of CNS 
autoimmunity. 

4.2. HNF4α is a part of a complex TF network in MS 

A published gender-based analysis of PBMC transcriptomes under-
lined epigenetic and transcriptional processes as common dysregulated 
themes associated with the relapsing-remitting form of MS, proposed a 
network of epigenetic regulators associated with differential expression 
in MS, and validated the role of the transcription factor SP1 in sustaining 
T cell proliferation and experimental neuroinflammation [6]. Interest-
ingly, HNF4α was part of that epigenetic network and critically con-
nected to the greatest number of differentially expressed genes in female 
and male MS PBMC [6]. In the current study, when applying network 
biology to immune transcriptomes dysregulated at different courses or 
stages of MS, we identified three key interactomes in all disease signa-
tures based on SP1, HNF4α and c-myc. Notably, we provided the first 
evidence that HNF4α and SP1 were present in lymphocytes and mono-
cytes and enriched in MS nuclei, while c-myc levels were already high in 
healthy cells. Interestingly, T cell and monocyte activation in our PBMC 
cultures led to the increase of nuclear TF and their colocalization. MS is a 
complex disorder characterized by immune dysregulation [40,41] and 
contributed partly by genetic predisposition, mostly by environmental 

triggers [42]. Among MS risk factors we focused our attention on ciga-
rette smoke and low vitamin D levels [30], both known to regulate 
immunity [43,44]. Conventional cell culture media contain little 
vitamin D due to serum dilution and thus reproduce the low vitamin D 
condition. Notably, activation of human immune cells, proliferation of 
encephalitogenic T cells and TF expression were dramatically reduced 
under physiological plasma concentrations of vitamin D, indicating that 
low vitamin D favours immune reactivity and high TF levels. Further, 
our in vitro and ex vivo activation assays on human and mouse immune 
cells reproducibly showed that media conditioned with non-toxic con-
centrations of cigarette smoke promoted immune cell activation, T cell 
proliferation and the expression of the three TFs. 

Overall, we demonstrate a direct correlation between known MS risk 
factors, immune responses and levels of TF regulating immunity and 
differential immune expression at all stages of MS. 

4.3. Interdependence of HNF4α, SP1 and c-myc in the control of CNS 
autoimmunity 

Our transcriptomic and network biology observations pointed to the 
existence of a complex transcriptional basis and control among distinct 
courses and stages of MS. This is a relevant issue for MS therapy, as most 
of the currently approved disease-modifying therapies demonstrated 
efficacy in relapsing-remitting but not progressive MS. Indeed, recent 
reports suggest that progressive forms of multiple sclerosis present with 
distinct immunological and transcriptional alterations [7,8,45], which 
may allow the specific classification of progressive MS from 
relapsing-remitting MS with high accuracy by machine leaning algo-
rithms [9]. On the other hand, the identification of transcriptional 
master regulators shared by all MS stages may support the development 
of therapies with potential efficacy also in progressive MS. Our in silico 
analyses highlighted in all MS stages that the three TF-based inter-
actomes were not independent one from the other but shared part of the 

Fig. 5. Interdependence of HNF4α, SP1 and c-myc in the control of CNS autoimmunity (A–B) EAE progression in mice starting daily oral treatment with HNF4α 
inhibitor (n = 9), SP1 inhibitor (n = 9), both inhibitors (n = 9) or vehicle (n = 9) three days after disease onset. (C–D) Ex vivo proliferation of MOG35-55-specific T 
cells from the spleens (C) or draining lymph nodes (D) of EAE mice treated with TF inhibitors (n = 4/group). (E–F) EAE expression in mice treated with HNF4α 
inhibitor (n = 12), c-myc inhibitor (n = 11), both inhibitors (n = 14) or vehicle (n = 13). (G–H) Ex vivo proliferation of MOG35-55-specific T cells from the spleens (G) 
or draining lymph nodes (H) of EAE mice treated with TF inhibitors or vehicle (n = 5/group). Graphs in (A) and (E) show mean clinical scores and SEM from day of 
immunization, graphs in (B) and (F) depict mean clinical score and SEM according to treatment duration. Statistical analysis was performed using linear regression. 
In (A) and (E) differences between slopes were analyzed from day 18 or 17 post immunization respectively.*p-value <0.05, **p-value <0.01, ***p-value <0.001, 
****p-value <0.0001. See also Fig. S4. 
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dysregulated transcriptome, suggesting possible coregulations of dif-
ferential expression. Indeed, in vitro experiments demonstrated that the 
combined action of HNF4α and SP1 inhibitors was not synergistic and 
that the effect of HNF4α antagonism on immune cell function partly 
relied on SP1 transcriptional activity. Though c-myc inhibition alone did 
not impair T lymphocyte and monocyte activation, indicating that c-myc 
is not regulating immune cell function directly, it weakened the 
immunosuppressive action of HNF4α inhibitor and completely blocked 
that of the SP1 inhibitor. Similar results were observed when we tested 
TF inhibitors in combination in vivo and measured ex vivo proliferation 
of myelin-rective T cells. The evidence that the c-myc inhibitor OTX015 
did not exert suppression of T cell and monocyte activation in vitro but 
inhibited encephalitogenic T cell expansion in vivo suggests a direct 
mode of action on other cell types or functions relevant for the gener-
ation and expansion of autoreactive T lymphocytes [46]. It is known that 
OTX015 downregulates c-myc expression by targeting BET proteins 
[47]. BET inhibitors may impact expression of additional genes as BET 
proteins regulate gene transcription via multiple mechanisms, including 
chromatin remodeling, transcription factor recruitment and stability, 
transcription and splicing integration [48]. Thus, we cannot exclude 
that, in addition to c-myc, other OTX015 targets contribute to OTX015 
action. Still, our data indicate that each TF inhibitor does not alter the 
expression of the two other TFs, thus excluding a downstream effect on 
the levels of other master regulators of (neuro)inflammation. Based on 
these findings, we hypothesize an activation model for immune cells 
interdependent on the three identified master regulators, which de-
serves future investigation also in consideration of possible role of the TF 
(and of the TF inhibitors) on distinct immune cell subsets. 

Notably, the administration of TF inhibitors had substantial effects 
on EAE progression. We have previously shown that SP1 inhibition 
before EAE onset reduced clinical severity [6]. Here we confirmed its 
efficacy even when provided after EAE onset during the chronic phase of 
disease. In the same experimental set up, HNF4α and c-myc inhibitors 
displayed the most remarkable therapeutic effects in chronic EAE, sup-
porting the application of these epigenetic drugs to the treatment of MS. 
The combination therapy experiments, however, confirmed the complex 
interdependence of the action of the three transcriptional master regu-
lators and underscored a non synergistic effect of the drugs on EAE 
expression. 

Overall, we identify HNF4α, c-myc and SP1 as master regulators of 
transcriptional dysregulation shared by all MS courses, with two of 
them, HNF4α and SP1, displaying higher nuclear localization in MS 
blood cells. Small compounds targeting the three TFs are already 
available and showed great efficacy in the treatment of chronic neuro-
inflammation. These results support pharmacological targeting of single 
TF in people with distinct disease courses, including progressive MS. 
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