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Identification of Histone Deacetylase Inhibitor Targeting
Type | Interferon and B Cell Abnormalities in
Systemic Lupus Erythematosus

Takehiro Hirayama,'? Hachiro Konaka, ' Yasuhiro Kato,"** Takayuki Shibahara,'> Chisato Nishizawa,®’
Kohei Tsujimoto,"** JeongHoon Park," Eri Itotagawa,’* Tatsunori Jo,"* Masayuki Nishide,**

Sumiyuki Nishida,"®? Yoshihito Shima,’'® Masashi Narazaki,"* Wataru Aoki,®’ Ken ] Ishii,""

Hyota Takamatsu,"'? (2} and Atsushi Kumanogoh'##1314

Objective. Systemic lupus erythematosus (SLE) is characterized by increased Type | interferon (IFN-I) and autoan-
tibody production. This study aimed to identify drugs that can inhibit both IFN-I and autoantibody production.

Methods. We identified an inhibitor of IFN-I production from a chemical library. Subsequently, we examined its effi-
cacy and underlying mechanisms in suppressing the expression and phosphorylation of upstream signaling molecules
for IFN-I production and the differentiation of B cells into plasma cells. Additionally, we examined whether it could alle-
viate disease severity in SLE-prone mice.

Results. We showed that vorinostat, a clinically approved pan-histone deacetylase (HDAC) inhibitor, inhibited
both IFN-I production and plasma cell differentiation. Vorinostat suppressed IFN-I production by inhibiting TBK1
phosphorylation and the subsequent IRF3 nuclear translocation and suppressed plasma cell differentiation by
inhibiting the expression of essential transcriptional factors for plasma cells. Notably, inhibiting HDAC6 sup-
pressed IFN-I induction and plasma cell differentiation. Furthermore, vorinostat ameliorated lung inflammation in
STING-associated vasculopathy with onset in infancy mice by decreasing IFN-1 and alleviated the mortality and
severity of renal disease in New Zealand Black/White F1 mice by suppressing IFN-I induction and B cell
differentiation.

Conclusion. Vorinostat ameliorates the severity of disease in SLE-prone mice by simultaneously suppressing IFN-I
production and plasma cell differentiation by targeting HDAC6. Thus, vorinostat is a promising therapeutic agent for

SLE and may benefit patients with SLE requiring more effective and better-tolerated therapies.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease characterized by the production of autoantibodies against
various autoantigens, including nucleic acids and interacting
proteins, resulting in inflammation and tissue damage." This sys-
temic immune response results in life-threatening complications
such as severe lupus nephritis, neuropsychiatric symptoms,
and hematologic abnormalities, causing chronic organ damage
and death. Immunosuppressive therapy with high-dose glucocor-
ticoids and cyclophosphamide is commonly used during the
acute and relapsing phases of SLE to decrease disease activity;
however, this increases infection risk. Therefore, developing ther-
apies that specifically inhibit aggravating factors modulating SLE
pathogenesis is necessary. Evidence suggests that overproduc-
tion of Type | interferon (IFN-I) and aberrant B cell differentiation®>
are involved in SLE pathogenesis. Recently, biologics specifically
targeting the IFN-I receptor (anifrolumab) and B cell-activating
factor (BAFF; belimumab) have been approved for some patients
with SLE. SLE stratification has been proposed to clarify patient
characteristics responsive to these drugs. In the chronic phase,
patients with SLE are classified into two groups by their clinical
manifestations: the IFN- and lymphocyte-associated groups.”
However, in the acute or relapsing stages of SLE, a pronounced
increase in IFN-I production and pathologic B cell proliferation
are observed.®

Several pathways involving IFN-I production play a pivotal
role in SLE pathogenesis.”® For instance, the Toll-like receptor
7 (TLR7)-MyD88-dependent pathway, the RIG-I-MAVS-
mediated pathway, and the cGAS-STING pathway promote
TBK1 activation, leading to the nuclear translocation” of IRF3 and
IRF7. Previous studies have identified several disease susceptibility
genes related to IFN-I-inducing pathways, such as IRF5, STAT4,
and TLR7, in SLE. For instance, IRF5 is involved in increased IFN-I
production by plasmacytoid dendritic cells (pDCs) via TLR7-9
stimulation.®~'° Activation of TLR7 by immune complexes contain-
ing autologous RNA causes IFN-I overproduction by pDCs.'
Therefore, inhibiting IFN-I induction by targeting shared pathways
such as TBK1 may be effective for SLE treatment.

The differentiation of B cells to plasma cells (PCs) is tightly
regulated by key transcription factors, ' including Prdm? (encod-
ing Blimp-1), XBP1, and IRF4. Prdm1 acts as a master regulator
of PC differentiation, whereas XBP1 is essential for Ig secretion
and the unfolded protein response in PCs."® IRF4 coordinates
with these factors to drive the PC program.’ Under pathologic
conditions, B cells differentiate outside the germinal center into
short-lived plasmablasts through activated naive B cells, double-
negative B cells (DNBs), and unswitched memory B cells.'® DNBs
are a unique B cell subset involved in autoimmune diseases such
as SLE'™ and corresponds to mouse age-associated B cells
(ABCs)."®"” DNBs and ABCs, expressing T-bet and CD11c, are
developed via TLR7 signaling with B cell receptor (BCR) signaling

and cytokines, such as interleukin 21 (IL-21) and IFN-y. Therefore,
targeting TLR7 downstream signaling molecules may be benefi-
cial in simultaneously suppressing IFN-I production and patho-
logic B cell maturation.

In this study, we screened an inhibitor of IFN-I production
from a chemical library of clinically approved drugs and identified
vorinostat, a pan-histone deacetylase (HDAC) inhibitor targeting
HDAC1, HDAC2, HDACS, and HDACS, and a clinically approved
drug for cutaneous T cell lymphoma.'® Subsequently, we exam-
ined whether vorinostat suppresses the expression and phos-
phorylation of upstream signaling molecules for IFN-I and the
differentiation of B cells into PCs. Furthermore, we elucidated
which HDAC isoform is involved in its therapeutic effect using
HDAC isoform—specific inhibitors. We also examined whether
vorinostat could alleviate disease severity in SLE-prone mice,
including STING-associated vasculopathy with onset in infancy
(SAVI) mice and New Zealand Black/White F1 (NZB/W F1) mice.

MATERIALS AND METHODS

Clinical samples. Participants were Japanese patients
admitted to the Department of Clinical Immunology at Osaka Uni-
versity from 2015 to 2024. Patients with SLE were diagnosed
based on the 1997 American College of Rheumatology revised
criteria for the classification of SLE.'® Healthy control samples
were obtained from six volunteer donors. The enrollment of
human participants was approved by the ethical review boards
of Osaka University (12456 and 11122) and is in accordance with
the Declaration of Helsinki. Informed consent was obtained from
the participants.

Mice. C57BL/6 mice were purchased from CLEA Japan
(Tokyo, Japan), and NZB/W F1 female mice were obtained from
Japan SLC (Hamamatsu, Japan). SAVI N153S Kl mice, devel-
oped by Prof Masahiro Yamamoto, were kindly provided by Prof
Ken J. Ishii. Heterozygous SAVI mice were used because homozy-
gous SAVI is lethal 2°2" Mice were housed in pathogen-free facili-
ties at the Faculty of Medicine at Osaka University and fed a
standard diet and water. The animal experiment protocol was
approved by the Faculty of Medicine at Osaka University
(02-093-009), and all experiments were conducted in accordance
with the Institute of Experimental Animal Sciences’ policies.

Drug screening. THP1-Blue ISG cells purchased from Invi-
voGen (San Diego, CA) and peripheral blood mononuclear cells
(PBMCs) were seeded and treated with compounds from
the Prestwick Chemical Library (Prestwick Chemical, San Diego,
CA) at 1 uM in the presence of resiquimod (R848; 10 pg/mL),
2'3-cyclic GMP-AMP  (2’3’-cGAMP; 5 pg/mL), or IFN-I
(Universal IFN-1; 200 U/mL) for 24 hours. Universal IFN-I was used
with the expectation of IFN-aA activity, confirmed in our previous
experiments to exhibit stable effects. IFN-I production was
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evaluated using HEK-Blue IFN-a/B, HEK-Blue TNF-a, HEK-Blue
IL-6, and B16-Blue IFN-a/B reporter cells (InvivoGen) as previ-
ously described,’ and cell viability was measured using the cell
counting kit-8 (Dojindo Laboratories, Tokyo, Japan). The inhibi-
tory effects of the compounds were calculated by dividing the
ratio of the cell counting kit-8 assay values (compound-treated
cells/control cells) by the ratio of the secreted embryonic alkaline
phosphatase (SEAP) assay values (compound-treated cells/
control cells).

In vitro IFN-I production assay. To evaluate vorinostat
inhibitory effect on IFN-I production, THP1-Blue ISG cells were
seeded in 96-well plates at a density of 1 x 105 cells/well and
treated with vorinostat (1, 10, or 100 uM). Cells were stimulated
with lipopolysaccharide (LPS; 500 ng/mL), 2°3’-cGAMP (5 ug/
mL), or R848 (5 ug/mL) for 24 hours. Supernatants were then col-
lected, and the QUANTI-Blue assay (InvivoGen, San Diego, CA)
was performed according to the manufacturer’s instructions. To
evaluate the inhibitory effect of vorinostat on IFN-I production in
primary cells, PBMCs were seeded at 1 x 105 cells/well and
treated with vorinostat (1, 10, or 100 uM). The cells were then
stimulated with LPS (500 ng/mL), 2'3’-cGAMP (5 ug/mL), or
R848 (5 ug/mL) for 24 hours. Following stimulation, the superna-
tants were collected, and IFN-I activity was evaluated using a
reporter assay with HEK-Blue IFN-o/B cells.

Western blotting and fluorescence imaging. Phorbol
myristate acetate (PMA)-treated THP1 cells were stimulated with
2'3’-cGAMP for four hours with or without vorinostat. Subse-
quently, cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100, blocked with Blocking One Histo
(Nacalai Tesque, Kyoto, Japan), and stained with primary anti-
body against IRF3 (1:500) at 4°C overnight. After washing, cells
were stained with Alexa Fluor 488-conjugated anti-rabbit IgG
(1:1000) and DAPI (1:2000) for one hour. The nuclear transloca-
tion rate was defined as the ratio of Alexa Fluor 488 fluorescence
intensity within the DAPI-positive nucleus to the total cellular Alexa
Fluor 488 fluorescence intensity. Multiple fields were imaged
using a Keyence BZ-X800 microscope, and the nuclear translo-
cation rate was quantified.

RNA-sequencing analysis. Total RNA was isolated from
THP1-Blue ISG cells stimulated with LPS (500 ng/mL) or 2'3’-
cGAMP (5 pg/mL) in the presence or absence of vorinostat
(10 uM) using the FastGene RNA Premium Kit (NIPPON Genetics,
Tokyo, Japan) according to the manufacturer’s instructions. RNA
quality was assessed using the Bioanalyzer RNA Nano (Agilent
Technologies, Santa Clara, CA). Libraries were prepared using
the TruSeq Stranded messenger RNA (mRNA) Library Prep Kit
(llumina, San Diego, CA) and sequenced on the lllumina NovaSeq
6000 platform. Raw reads were aligned to the human refer-
ence genome (hg38) using TopHat (version 2.1.1), and gene

expression levels were quantified using Cufflinks (version 2.2.1).
Differential expression analysis and pathway enrichment analysis
were performed using integrated Differential Expression and
Pathway analysis (iDEP.96),%> and molecular network analysis
was conducted using Ingenuity Pathway Analysis (QIAGEN).

Quantitative real-time polymerase chain reaction
analyses. For isolation of RNA from mouse kidney, lung, and
spleen tissues, the samples were homogenized using zirconia
beads and the Tissue Lyser Il (QIAGEN, Venlo, the Netherlands).
RNA was then extracted using QIAzol Lysis Reagent (QIAGEN)
and chloroform according to the manufacturer’s instructions.
After chloroform extraction, the mouse samples were further pro-
cessed using the FastGene RNA Premium Kit (NIPPON Genetics)
following the manufacturer’s protocol. RNA from human B cells
was isolated using the same FastGene RNA Premium Kit. RNA
concentration and purity were determined using NanoDrop Tech-
nology (Thermo Fisher Scientific, Wilmington, DE). Complemen-
tary DNA synthesis was performed using the PrimeScript RT
Reagent Kit (Takara Bio, Shiga, Japan) following the manufac-
turer’s protocol. Quantitative real-time polymerase chain reaction
(PCR) was conducted using the QuantStudio 7 instrument
(Thermo Fisher Scientific) with TagMan Gene Expression Assays
(Thermo Fisher Scientific) (Supplementary Materials). The PCRs
were set up according to the manufacturer’s guidelines, and the
relative gene expression was calculated using the standard curve
method, with ACTB (B-actin) as the endogenous control.

In vitro B cell differentiation assay. B cells were iso-
lated from PBMCs of healthy donors and patients with SLE using
the EasySep Human B Cell Enrichment Kit Il without CD43 deple-
tion (STEMCELL Technologies, Vancouver, BC, Canada). B cells
were stimulated in RPMI with 10% fetal bovine serum supple-
mented with nonessential amino acids, glutamine, sodium pyru-
vate, Primocin (InvivoGen), R848 (1 ug/mL), BAFF (10 ng/mL),
IL-21 (10 ng/mL), IL-2 (50 U/mL), IFN-y (20 ng/mL), and goat
F(ab)‘2 anti-human IgG (10 pg/mL). Cells were treated with or
without vorinostat (0.25, 0.5, 1, or 2 uM) and anifrolumab (5, 10,
25, or 50 pug/mL) for three days. After three days, cells were
washed and resuspended in fresh media containing R848 and
cytokines, with or without vorinostat and anifrolumab, but without
anti-IgG and IgM. Cells were cultured for an additional 4 or 7 days
(7 or 10 days in total) before use in subsequent assays.

Flow cytometry. For mice, cells were blocked with anti-
mouse CD16/32 (category 101302; BioLegend, San Diego, CA)
and stained with the fluorochrome-conjugated antibodies
described in Supplementary Materials and Reagents. Splenic
pDCs were defined as B220+PDCA1+ cells. Splenic B cells were
defined as B220+ cells, immature B cells were defined as
B220+IgM+IgD— cells, and mature B cells were defined as
B220+IgM-IgD+ cells. ABCs were defined as CD4-CD8-NK1.1
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—-B220+T-bet+CD11c+ cells. Bone marrow cells were lineage-
negative (Lin-), defined as CD4-CD8-NK1.1-CD3-CD11b
—CD11c-. Pro-B cells were defined as Lin—c-kit+B220-CD43+
cells, and pre-B cells were defined as Lin—c-kit—-B220+CD25+
cells. For human samples, B cells were isolated from PBMCs of
healthy donors and patients with SLE using the EasySep Human
B Cell Enrichment Kit Il without CD43 Depletion (STEMCELL
Technologies), according to the manufacturer’s instructions.
Subsequently, B cells were blocked with FcR Blocking Reagent
human (Miltenyi Biotec, Bergisch Gladbach, Germany) and
stained with the fluorochrome-conjugated antibodies described
in Supplementary Table S1. Plasma blasts were defined as
CD19+CD27+CD38+ CD138- cells, and PCs were identified
as CD19+CD27+CD38+CD138+ cells. All cell populations were
analyzed after the exclusion of doublets and dead cells. Samples
were analyzed using a BD FACS Canto Il or BD FACS Symphony
A1 flow cytometer (BD Biosciences). Flow cytometry data were
analyzed with FlowJo software (BD Biosciences).

In vivo vorinostat administration in lupus-prone
mice. For the murine hyper IFN-I-related disease model, 8- to
10-week-old SAVI mice were intraperitoneally administered vori-
nostat (20 mg/kg) or solvent (DMSQ) daily for eight weeks. Next,
urine samples were collected. Mice were euthanized by CO,
inhalation, followed by the collection of blood, lung, and kidney
tissues. For the murine lupus model, female NZB/W F1 mice
(n = 18 per group) were randomly assigned to either the vehicle
control or vorinostat treatment group at 22 weeks of age. Vorino-
stat (20 mg/kg) or an equivalent volume of vehicle was adminis-
tered intraperitoneally five times per week for 16 weeks. To
evaluate the short-term effects of vorinostat in vivo, an additional
cohort of 25-week-old female NZB/W F1 mice (n = 9 per group)
was treated with high-dose vorinostat (40 mg/kg body weight)
or vehicle daily for four weeks. At the end of the treatment, mice
were euthanized, and blood was collected by cardiac puncture.
Serum was collected using standard procedures and stored at
—80°C until use. Spleen, kidney, and bone marrow tissues were
processed for flow cytometry, histology, and gene expression
analyses, as described in the respective sections.

Measurement of in vivo vorinostat concentration.
Female C57BL/6J mice (8 weeks old) received a single intraperi-
toneal injection of vorinostat (20 mg/kg). At designated time
points (15 minutes, 1 hour, 2 hours, 4 hours, 8 hours, and
24 hours) after administration, mice were euthanized by CO, inha-
lation. Blood was collected by cardiac puncture, and the liver and
spleen were immediately harvested. Vorinostat was extracted by
adding 80% acetonitrile. The extracted samples were analyzed
using a nano liquid chromatography mass spectrometry system
(UttiMate 3000 RSLCnano and Orbitrap Exploris 240) equipped
with an InertCore Plus C18 column (GL Sciences, Tokyo,
Japan). A gradient was produced by changing the mixing ratio of

the two eluents: A, 0.1% (volume/volume) formic acid, and B,
acetonitrile. The gradient started with 10% B with a two-minute
hold, was then increased to 50% B for five minutes, and finally
increased to 95% B for a three-minute hold, after which the
mobile phase was returned to its initial composition and held for
two minutes to re-equilibrate the column. The autosampler and
column oven were maintained at 4°C and 40°C, respectively. Vor-
inostat was detected in the positive mode followed by multiple
reaction monitoring at a resolution of 15,000. The Electrospray
lonization (ESI) voltage and normalized collision energy were
3.5 kV and 30%, respectively. The heated ESI interface tempera-
ture and vaporizer temperature were 320°C and 275°C, respec-
tively. The single-protonated precursor ion and product ion
corresponding to vorinostat were 265 m/z and 232 m/z,
respectively.

Evaluation of proteinuria. Proteinuria was assessed
semiquantitatively using urine test strips (Siemens Healthcare
Diagnostics, Deerfield, IL) and scored as follows: O, negative; 1+,
30 mg/dL; 2+, 100 mg/dL; 3+, 300 mg/dL; and 4+,
>1,000 mg/dL.

Immunohistochemical analysis. Kidneys were embed-
ded in Tissue-TekVR optimal cutting temperature compound
(OCT; Sakura Finetek, Torrance, CA). Frozen OCT samples were
sectioned and affixed to glass slides. They were then warmed to
room temperature, dried for 30 minutes, and fixed in cold acetone
(-20°C) at room temperature for 10 minutes. After washing in
phosphate-buffered saline (PBS), slides were blocked with PBS
containing 1% bovine serum albumin for 60 minutes at room
temperature. Slides were then incubated with a mixture of anti-
bodies, tetramethylrhodamine-conjugated goat anti-mouse IgG,
fluorescein isothiocyanate—conjugated donkey anti-mouse IgM
(Jackson ImmunoResearch, West Grove, PA), and rat monoclo-
nal antibody to C3 (Abcam, Cambridge, United Kingdom) for
12 hours at 4°C in a dark humid box. After washing with PBS,
slides were incubated with the secondary antibody of Alexa Fluor
647 donkey anti-rat IgG (Invitrogen) for 1 hour at room tempera-
ture. Slides were mounted with DAPI (BioLegend) and imaged
with an FV-3000 (Olympus, Tokyo, Japan).

Histopathological analysis. To perform lung histology,
lungs were extracted and fixed with 4% paraformaldehyde. The
tissues were embedded in paraffin and stained with hematoxylin
and eosin. Lung pathologic changes were observed using an
optical microscope. Histologic scoring parameters included
edema, intra-alveolar cellular infiltration, congestion, and alveolar
hemorrhage. The scores for each item were recorded on one
of four levels®®: normal (0), mild (1), moderate (2), and severe
(8). The pathologic changes in the kidneys were assessed by
evaluating glomerular activity, including glomerular proliferation,
karyorrhexis and/or fibrinoid necrosis, cellular crescents, hyaline
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deposits, and inflammatory cells. Sections were scored using a
0 to 3 scale for glomerular activity, where 0 indicated no lesions,
1 indicated lesions in <25% of glomeruli, 2 indicated lesions in
25% to 50% of glomeruli, and 3 indicated lesions in >50% of glo-
meruli. The mean scores for individual pathologic features were
summed to obtain the glomerular activity score.?*

Statistical analyses. Data are reported as mean = SEM.
Statistical significance was analyzed with the unpaired Mann—
Whitney test using Prism software (GraphPad, San Diego, CA).
Statistical significance is represented by the following notation:
*P < 0.05, P < 0.01, **P < 0.001, and ***P < 0.0001.

Reporting patient and public involvement in
research. Patients were enrolled through the provision of clinical
samples. These samples were concurrently collected with the
study and used to validate findings obtained from preclinical
experiments and animal models. Data are available from the cor-
responding author upon request.

RESULTS

Identification and characterization of vorinostat in
inhibiting IFN-I production. As shown in Figure 1A, we first
screened therapeutic compounds capable of targeting both
IFN-I production and B cell abnormalities in SLE using the Prest-
wick Chemical Library, which consists of clinically approved
drugs. THP1-Blue ISG cells (a monocytic cell line engineered to
monitor IFN-I signaling through SEAP reporter activity) were stim-
ulated with IFN-a and 2’3’-cGAMP, a STING ligand, in the pres-
ence of these compounds. Human PBMCs were also stimulated
with R848, a TLR7 ligand, because of the lower expression of
TLR7 in THP1 cells. Regardless of cell type and ligands, vorino-
stat was among the top 20 candidate drugs that effectively sup-
pressed IFN-I production while maintaining survival (Figure 1B
and 1C). We selected vorinostat for this study because it has also
been reported to regulate lymphocyte differentiation and prolifera-
tion via chromatin remodeling and confirmed its inhibitory effect
on IFN-I production. THP1-Blue ISG cells or PBMCs were stimu-
lated with LPS, 2’3’-cGAMP, and R848 with or without vorinostat.
Vorinostat suppressed ISG induction in THP1-ISG cells and IFN-I
production in PBMCs (Figure 1D and 1E). Notably, vorinostat
suppressed IFN-I production in primary immune cells such as
pDCs and monocytes (Supplementary Figure S1A). We then per-
formed RNA-sequencing (RNA-seq) analysis to identify gene
alterations upon LPS or cGAMP stimulation in the presence or
absence of vorinostat. Both IFN-I- and B cell-related genes up-
regulated upon LPS or 2'3’-cGAMP stimulation were down-
regulated by vorinostat treatment (Supplementary Figure S1B).
Ingenuity Pathway Analysis using RNA-seq data revealed interre-
lationships among genes inhibited by vorinostat, including

cGAS, TLR7, IRF, and STAT1 in the network (Supplementary
Figure S10).

Gene Set Enrichment Analysis demonstrated significant
enrichment in pathways related to IFN-I and adaptive immunity
(Supplementary Figure S1D; Supplementary Tables S1 and S2).
Further evaluation of IFN-I- and NF-kB-related genes revealed
that vorinostat preferentially suppressed IFN-related genes
compared to NF-kB pathway-related genes (Supplementary
Table S3). Furthermore, although vorinostat exhibited broad sup-
pressive effects on IFN-related genes such as IFNBT, Mx1, and
IRF7, IRF3 expression remained unchanged (Supplementary
Figure S1E). Additionally, the degree of inhibition by vorinostat dif-
fered depending on the molecule in NF-kB-related genes that
were induced more by LPS than that by cGAMP (Supplementary
Table S4). Moreover, the expression of genes related to metabo-
lism and cell cycle regulation also changed. For example, the
expression of major glycolytic enzymes such as LDHA and FBP1
was significantly decreased, whereas the expression of tricarbox-
ylic acid cycle-related genes was almost unaffected. In addition,
the expression of multiple mitotic checkpoint regulators, including
KNL1 and APC/C, was decreased (Supplementary Figure S2). On
the other hand, no off-target pathway was observed in human
PBMCs by vorinostat in the steady-state condition. These results
suggest that vorinostat preferentially downregulates the expres-
sion of IFN-I-related genes involved in TLR-MyD88 and cGAS-
STING pathways.

Vorinostat suppresses IFN-I expression by reducing
the phosphorylation of TBK1. TBK1 phosphorylation and
subsequent IRF3 nuclear translocation via TLR-MyD88 and
cGAS-STING pathways induce IFN-1.252 Therefore, we hypoth-
esized that vorinostat might suppress IFN-I production by inhibit-
ing TBK1 and IRF3 phosphorylation upon stimulation with LPS or
2'3-cGAMP.2” When THP1 cells were stimulated with LPS
or cGAMP, the phosphorylation of TBK1 and IRF3 decreased
with vorinostat treatment (Figure 2A). Immunofluorescence stain-
ing showed that IRF3 nuclear translocation induced by cGAMP
stimulation was reduced by vorinostat (Figure 2B and 2C). More-
over, IFN-I production is regulated by other IRFs, including IRF5,
IRF7, and IRF9. We found that the expression of IRF5, IRF7, and
IRF9 was down-regulated by vorinostat treatment (Figure 2D).
Consistently, quantitative PCR analysis confirmed that vorinostat
treatment suppressed the expression of IFN-I-related genes, such
as IRF7, IFI27, TMEM173, and IFN-B, whereas IRF3 expression
remained unchanged (Figure 2E). Notably, when we compared
the half-maximal inhibitory concentration values of vorinostat for
suppressing IFN-I, TNF, IL-1B, and IL-6 production in LPS-
stimulated PBMCs, vorinostat inhibited IFN-I production at a lower
concentration compared with other cytokines (Figure 2F). These
results indicate that vorinostat inhibits IFN-I production by suppres-
sing TBK1 phosphorylation and the downstream signaling path-
way, as well as the expression of IRF family transcription factors.
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Figure 1.

Experimental workflow and identification of vorinostat as an IFN-I inhibitor. (A) Schematic overview. (B) Compounds were evaluated to

reduce IFN-Iinduction activity without affecting cell viability (reporter assay and cell counting kit-8). (C) Top 20 compounds from screening showed
potent IFN-I inhibition with maintained viability. (D) Dose-dependent IFN-I inhibition by vorinostat. THP1-Blue ISG cells were stimulated with LPS
(600 ng/mL), 2’3’-cGAMP (5 ug/mL), and R848 (5 ug/mL). ISG-inducing activity (SEAP assay) decreased with vorinostat. (E) Validation using in
PBMCs (same stimuli). IFN-I activity (SEAP assay) decreased with vorinostat. Data represent the mean + SEM from duplicate measurements
across three independent experiments. IFN, interferon; LPS, lipopolysaccharide; NZB/W F1, New Zealand Black/White F1; PBMC, peripheral
blood mononuclear cell; SAVI, STING-associated vasculopathy with onset in infancy; SEAP, secreted embryonic alkaline phosphatase; SLE, sys-
temic lupus erythematosus.
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Vorinostat improves interferonopathy in SAVI
model mice. To investigate the therapeutic effect of vorinostat,
we first analyzed the in vivo concentration of vorinostat in serum,
spleen, and liver at 15 minutes, 1 hour, 2 hours, 4 hours, 8 hours,
and 24 hours after intraperitoneal administration of vorinostat
(20 mg/kg) by LC-MS. We found that serum vorinostat levels were
>20 uM at 15 minutes and rapidly dropped to approximately
0.5 uM at one hour after administration. Similar dynamics were
also observed in the spleen. However, vorinostat was detected
at lower levels in the liver 15 minutes after administration, likely
due to metabolism (Figure 3A). Under physiologic conditions, vor-
inostat concentration decreased relatively quickly, but we investi-
gated the therapeutic effect of vorinostat on IFN-I-related disease
in a mouse model of SAVI (N153S), a rare human autoinflamma-
tory disease. SAVI mice have lung fibrosis and interstitial kidney
damage because the N153S mutation of STING constitutively
activates the cGAS-STING pathway, resulting in IFN-I overpro-
duction.?82° We administered vorinostat (20 mg/kg) intraperito-
neally for eight weeks to mitigate disease severity in SAVI mice
by evaluating lung inflammation, fibrosis, serum IFN-I levels, and
interstitial kidney damage (n = 7 per group). Histologic analysis
of lung tissues revealed that vorinostat treatment significantly
reduced pulmonary inflammation and fibrosis in SAVI mice
(Figure 3B). Additionally, vorinostat improved serum IFN-I levels
(Figure 3C) and reduced N-acetylglucosaminidase values, an indi-
cator of interstitial nephritis (Figure 3D). Furthermore, we analyzed
the expression of inflammatory cytokines and IFN-I-related genes
in the lungs and kidneys of SAVI mice. Vorinostat-treated SAVI
mice showed decreased expression of Tnf, ll6, and Cxcl10 in the
lung and Ifnb7, Tmem173, and I3 in the kidney (Figure 3E). These
results suggest vorinostat can improve disease severity by sup-
pressing IFN-I-related signaling, despite its short half-life in vivo.

Vorinostat suppresses PC differentiation with
differential effects on IFN-I production. In SLE, autoanti-
bodies are produced by antibody-secreting cells (ASCs) such as
DNB cells, short-lived plasmablasts that proliferate in response
to TLR7 signaling.'® We showed that vorinostat impedes IFN-|
production via TLR7-mediated signaling. Therefore, we examined
vorinostat effects on human B cell differentiation into PCs. We iso-
lated B cells from healthy individuals and patients with SLE and
cultured them with a combination of stimuli to promote PC differ-
entiation.™® The effect of vorinostat on B cell differentiation was
assessed by flow cytometry (Figure 4A). Vorinostat curtailed the
differentiation of B cells into PCs in healthy individuals and
patients with SLE (detailed patient characteristics are provided in
Supplementary Table S5) (Figure 4B and 4C). Next, we investi-
gated the involvement of TBK1 and IFN-I in the differentiation of
ASCs using GSK8612, a TBK1 inhibitor, and anifrolumab, an
anti-IFNAR1-neutralizing antibody. Neither GSK8612 nor anifro-
lumab suppressed PC differentiation (Figure 4D), suggesting that
vorinostat directly inhibits ASC differentiation. To further elucidate

the mechanism underlying the suppression of PC differentiation,
we identified the critical period of TLR-7 signaling for PC differen-
tiation by evaluating the expression of Prdm1, XBP1, and IRF4,
essential transcription factors for PC differentiation. We found that
R848 administration in the first three days was required for ASC
differentiation (Supplementary Figure S3). Consistently, vorinostat
administration in the early stage of PC differentiation significantly
suppressed the expression of these genes (Figure 4E), suggesting
that the critical working period of vorinostat is similar to that of
TLRY7 signaling for PC differentiation. Additionally, vorinostat sup-
pressed IgG production by inhibiting PC differentiation (Figure 4F).
Of note, there was no remarkable suppression of IgG secretion
when vorinostat was added in the late phase of PC differentiation,
suggesting that vorinostat acts in the early phase of PC differentia-
tion. Furthermore, vorinostat suppressed the production of anti—
double-stranded DNA (dsDNA) antibodies by B cells from patients
with SLE (Figure 4H).

Vorinostat improves survival rate and nephritis
by inhibiting IFN-I production and aberrant B cell
maturation. Next, we elucidated the physiologic efficacy of vor-
inostat in SLE-prone mice using NZB/W F1 mice, which show
glomerulonephritis, elevated autoantibody titer, and low comple-
ment (C3) due to enhanced IFN-I levels and extrafollicular
B cell differentiation.®° First, we conducted the intermediate-dose
administration protocol and monitored survival and proteinuria.
Vorinostat (20 mg/kg) was intraperitoneally administered to
22-week-old female NZB/W F1 mice five times per week for
16 weeks. Vorinostat improved survival and reduced the fre-
quency of >2 proteinuria-positive mice as quantitatively
assessed using a urine tape (Figure 5A and 5B). Additionally, vor-
inostat significantly improved disease activity markers, including
serum C3 levels, anti-dsDNA antibody titers, and urinary protein
levels (Figure 5C). Next, we conducted a high-dose administration
protocol to shorten the evaluation period by administering a
higher dose of vorinostat (40 mg/kg) daily to 25-week-old female
NZB/W F1 mice for 4 weeks. Vorinostat ameliorated glomerulo-
nephritis (Figure 5D) and reduced the deposition of IgM, IgG,
and C3 within the glomeruli (Figure 5E). Consistently, serum
IFN-I levels and expression of IFN-I-related genes, such as Tir7,
Mx1, and Ifi44, in the spleen and bone marrow were reduced in
vorinostat-treated mice (Figure 5F and 5G). Additionally, the num-
ber of pDCs in the spleen and B cells, especially mature B cells,
and the percentage of ABCs in B cells in the spleen was reduced
in vorinostat-treated mice (Figure 5H, 51, and 5J). In the bone mar-
row, the number of pre-B cells, but not pro-B cells, was reduced
by vorinostat treatment (Figure 5K), and the expression of Vpreb1,
which encodes the surrogate BCR and is involved in the pre-B cell
expansion, was considerably reduced in vorinostat-treated mice
(Figure 5L), suggesting that vorinostat impaired B cell transition
from pro-B cells to pre-B cells. On the other hand, vorinostat treat-
ment did not affect T cell proportions in the spleen (Supplementary
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Figure 2. Vorinostat inhibits TBK1/IRF3 phosphorylation and IRF expression. THP1 cells were treated with vorinostat, followed by stimulation
with LPS (500 ng/mL) and 2’3’-cGAMP (5 ug/mL) for 10 hours. (A) Western blot analysis demonstrates that vorinostat suppresses the phosphor-
ylation of TBK1 and IRF3. (B and C) Immunofluorescence analysis reveals that vorinostat inhibits the nuclear translocation of IRF3 following
cGAMP stimulation (scale bar: 5 um). (D) Western blotting shows that vorinostat reduces the expression of IRF5, IRF7, and IRF9, contributing to
the attenuation of the IFN-I response. (E) Quantitative polymerase chain reaction analysis showed that vorinostat treatment suppresses multiple
IFN-I-related genes (IRF7, IFNb, IFI27, and TMEM173), without affecting IRF3 expression. (F) Comparative analysis of the inhibitory effects of vor-
inostat. The 50% inhibition concentration values for suppression of different cytokines in LPS (500 ng/mL)-stimulated cells were determined by
reporter assay and enzyme-linked immunosorbent assay. Data represent the mean + SEM of duplicate or triplicate measurements from a repre-
sentative of three independent experiments. IFN, interferon; LPS, lipopolysaccharide. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.43434/abstract.
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Figure 3. \Vorinostat ameliorates disease phenotypes in STING-associated vasculopathy with onset in infancy mice. (A) Pharmacokinetic analy-
sis of vorinostat in C57BL/6J mice following single intraperitoneal administration (20 mg/kg). Mice were intraperitoneally administered vorinostat
(20 mg/kg) once daily for eight weeks. (B) Lung tissue sections stained with Azan from both vorinostat-treated and control mice, with a quantifiable
reduction in histology scores that indicate disease severity (scale bar: 100 um). (C) Serum IFN-I levels, assessed using the B16-Blue IFN-of
reporter assay, were significantly reduced in the vorinostat-treated group, demonstrating the efficacy of the drug in moderating IFN-I overproduc-
tion. (D) The urinary activity of N-acetyl-beta-D-glucosaminidase, a marker of interstitial renal damage, was decreased in the vorinostat group, indi-
cating improved renal function. (E) Quantitative real-time polymerase chain reaction analysis of lung and kidney tissues revealed down-regulation of
IFN-I-related and inflammatory gene expression in mice treated with vorinostat. Data are presented as mean + SEM; *P < 0.05, **P < 0.01, and
***P < 0.001, denoting different levels of significance. IFN, interferon. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43434/abstract.
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Figure 4. Vorinostat inhibits plasma cell differentiation and suppresses plasma cell-associated transcription factors. (A) Gating strategy for plas-
mablasts and plasma cells. Plasmablasts were defined as CD19+CD27+CD38+CD138- cells; plasma cells were defined as CD19+CD27+-
CD38+CD138+ cells. (B) Vorinostat impedes the transition of human B cells to plasma cells. The percentage of plasmablasts and plasma cells
was determined by fluorescence-activated cell sorting. (C) Vorinostat suppress in vitro B cell differentiation to ASC in patients with systemic lupus
erythematosus. B cells isolated from patients with systemic lupus erythematosus (n = 11) were cultured with 0.5 uM vorinostat. (D) Anifrolumab
does not inhibit ASC differentiation. (E) Vorinostat inhibited the expression of key plasma cell transcription factors Prdm1, XBP1, and IRF4. (F) Vor-
inostat dose-dependently suppressed IgG production. IgG levels in culture supernatants were measured by enzyme-linked immunosorbent
assay. (G) Early or intermediate phase treatment with vorinostat is crucial for IgG secretion. Vorinostat (0.5 uM) was added at different phases:
days 1 to 3 (early phase), days 3 to 7 (intermediate phase), or days 7 to 10 (late phase). (H) Vorinostat suppresses the production of anti-dsDNA
antibodies (n = 11). Data are expressed as mean + SEM of three independent experiments, with duplicate or triplicate wells per experiment.
*P < 0.05, P < 0.01, P < 0.001. Ab, antibody; ASC, antibody-secreting cell; dsDNA, double-stranded DNA. ns, not significant.

Figure S4A). Consistently, one week of vorinostat administration to
healthy C57BL/6 mice did not affect these specific pathways
(Supplementary Figure S4B). These results indicate that vorinostat
improves survival and glomerulonephritis in lupus-prone NZB/W
F1 mice by inhibiting IFN-I-related signaling and B cell

differentiation by suppressing pathologic immune cells in SLE such
as pDCs and ABCs, without affecting the T cell population.

Evaluation of other HDAC inhibitors for IFN-I
production and PC differentiation. Because vorinostat is a
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pan-HDAC inhibitor, we evaluated the HDAC class underlying
IFN-I production and PC differentiation. We compared vorinostat
with selective HDAC inhibitors, including those for HDACH,
HDAC2, HDAC3, and HDACS, and the specific TBK1 inhibitor
GSK8612. First, we evaluated the inhibitory effect of ISG induc-
tion using THP1-ISG cells with LPS, cGAMP, or R848. ISG
induction was suppressed by HDACG inhibitors, as well as by vor-
inostat and TBK1 inhibitors, but not by HDAC1 and HDAC2 inhib-
itors (Supplementary Figure S5A). Then, we evaluated cytokine
production from human PBMCs and found that HDAC1 and
HDAC2 inhibitors did not inhibit the production of IFN-I, TNF-aq,
and IL-6, but HDACS inhibitors, as well as vorinostat, suppressed
them (Figure 6A and 6B). Consistently, similar to vorinostat
and the TBK1 inhibitor, the HDACS inhibitor was able to sup-
press TBK1 phosphorylation and IRF7 and IRF9 expression
(Supplementary Figure S5B). The HDACS inhibitor partially sup-
pressed IFN-I production but did not suppress TNF-a and IL-6
production (Figure 6A and 6B). Notably, simultaneous inhibition
of HDAC3 and HDAC6 suppressed IFN-I levels comparable to
those observed with vorinostat, suggesting that HDACS3 and
HDAC6 may act synergistically to regulate IFN-I signaling
(Supplementary S5C). In contrast, HDAC6 inhibitor, but not
HDACS3 inhibitor, significantly impaired B cell differentiation into
PCs (Figure 6C), suggesting that HDAC6 may be involved in both
IFN-I production and PC differentiation. Finally, we evaluated differ-
ent clinically approved pan-HDAC inhibitors, including panobino-
stat, chidamide, romidepsin, and belinostat. Similar to vorinostat,
al HDAC inhibitors suppressed PC differentiation to varying
degrees. Nonetheless, the inhibitory effect on IFN-I production dif-
fered, with romidepsin and belinostat inhibiting IFN-I but not pano-
binostat and chidamide (Figure 6D). Although some kinds of
HDAC inhibitors may inhibit IFN-I production and PC differentiation,
the underlying mechanisms may differ according to the drug.

DISCUSSION

SLE is a systemic autoimmune disease characterized by a
breakdown of innate and acquired immune tolerance, leading to
increased production of IFN-I and autoantibodies against DNA-
and RNA-associated antigens. Multiple pathways contribute to
aberrant B cell differentiation in SLE, with TLR7 signaling being a
key mechanism driving disease progression. Recently, autoreactive

B cells have been shown to undergo extrafollicular development to
become antibody-producing cells by DNB cells, correlating with
SLE disease activity.'®*" This process can be initiated through var-
ious pathways, including both BCR stimulation by binding to extra-
cellular DNA and/or BRNA and TLR7/9 stimulation by antibody-
mediated DNA and/or BNA internalization. Small cytoplasmic
RNA-seq analysis revealed that the B cell subcluster increases in
patients with SLE expressing DNB-related genes, including
TBX21, ITGAX, and IL10, with high levels® of TLR7. We showed
that vorinostat inhibits TBK1 and IRF3 phosphorylation induced by
TLR ligands, including TLR7, or STING activation, reducing IRF5,
IRF7, and IRFQ expression. Furthermore, vorinostat prevents
TLR7-mediated PC differentiation by suppressing key transcription
factors essential for PC development, including Prdm1, XBP1, and
IRF4. Thus, vorinostat is a promising candidate for treating SLE
because it inhibits both IFN-I production and abnormal B cell matu-
ration, which are abnormally up-regulated in SLE.

HDACSs play dual roles in the cytosol and the nucleus. In the
cytosol, HDAC3 was reported to promote IFN-I production by
triggering TBK1 deacetylation and subsequent phosphorylation.?*
HDACES is a deacetylase enzyme that targets histone proteins in
the nucleus and cytoplasmic proteins such as a-tubulin
and HSP9O0 in the cytoplasm and is involved in NLRP3 inflam-
masome activation, NF-kB p65 expression, and autophagy
induction.>**® HDACS6 positively regulates NF-kB signaling by
promoting IkBa degradation and p65 nuclear translocation,
whereas HDACS inhibition increases p65 acetylation and reduces
inflammatory response.®” HDACS activates IRF3 via deacetyla-
tion of RIG-I and modulates phosphorylation of STAT1 through
acetylation of STAT1 itself,*®3° suggesting that HDAC6 influ-
ences both upstream and downstream components of the IFN-I
pathway.

Additionally, nuclear HDAC6 regulates the transcription of
genes related to NF-kB and IRFs. HDACGE interacts with
pB65/RelA, a NF-«kB subunit, that inhibits p65 binding to the target
promoters through deacetylation, thereby repressing NF-«kB-
driven gene transcription.*® In a PKCa—B-catenin signaling axis,
HDACSE facilitates IRF3 binding to ISG promoters by modulating
acetylation status of p-catenin.*' Thus, HDAC6 may contribute
to the transcriptional regulation of NF-kB—and IRF3-related genes
via chromatin remodeling, which may explain the suppression of
ISG expression in our study.

Figure 5. Therapeutic effects of vorinostat through IFN-I suppression in New Zealand Black/White F1 lupus-prone mice. Effects of vorinostat
(20 mg/kg, intraperitoneal, five times/week for 16 weeks) in New Zealand Black/White F1 mice. (A) Kaplan—-Meier survival curves show improved
survival in the vorinostat-treated group (log-rank test, P = 0.0359). (B) Reduced proteinuria scores (log-rank test, P = 0.0087). (C) Improvement
in serum anti-dsDNA antibody titers, C3 levels, and proteinuria (n = 7 per group). (D) Decreased histopathological scores of nephritis.
(E) Reduced glomerular deposition of IgM, 1gG, and C3 by immunofluorescence analysis. (F) Decreased serum IFN-I levels measured by
B16-Blue IFN-a/B reporter cells. (G) Vorinostat suppresses IFN-I-related gene expression in the spleen and bone marrow. (H) Vorinostat reduced
the number of splenic pDCs. (1) Vorinostat decreased the number of B cells in the spleen. (J) Vorinostat decreased the percentage of ABCs among
B cells in the spleen. (K) Vorinostat treatment reduced the number of pre-B cells but did not affect pro-B cells. (L) Suppressed Vpreb1 expression in
bone marrow B cells. Data are expressed as mean + SEM; *P < 0.05, **P < 0.01, and **P < 0.001. ABC, age-associated B cell; dsDNA, double-
stranded DNA; IFN, interferon; pDC, plasmacytoid dendritic cell. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43434/abstract.
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Figure 6. Evaluation of other HDAC inhibitors for IFN-I production and plasma cell differentiation.

(A, B) Proinflammatory cytokine

production (IFN-I, TNF-q, IL-6) in PBMCs stimulated with R848 (2.5 ug/mL) and treated with selective HDAC inhibitors targeting HDAC1, HDAC2,
HDAC3, HDACS, TBK1 inhibitor (GSK8612), or vorinostat. (A) IFN-I bioactivity was measured by HEK-Blue IFN-a/B reporter cells. (B) TNF-a and
IL-6 concentration were measured by enzyme-linked immunosorbent assay. Statistical significance of other compounds against vorinostat was
evaluated by one-way analysis of variance (*P < 0.05, **P < 0.001, ***P < 0.0001). (C) Plasma cell differentiation assay under plasmablast-
inducing conditions with selective HDAC inhibitors. The percentage of ASC per B cells was evaluated by fluorescence-activated cell sorting.
(D) Effects of clinically approved HDAC inhibitors (vorinostat, panobinostat, chidamide, romidepsin, and belinostat) on human ASC differentiation
(upper) and IFN-I production in PBMCs (lower). B cells were cultured seven days with inhibitors. PBMCs were stimulated with R848 (2.5 ug/mL)
for 24 hours with inhibitors. IFN-I activity in supernatants was measured. Data are expressed as mean + SEM of three independent experiments.
ASC, antibody-secreting cell; HDAC, histone deacetylase; IL, interleukin; IFN, interferon; ns, not significant; PBMC, peripheral blood mononuclear
cell. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43434/abstract.
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We demonstrated mild suppression of IFN-I production by
selective HDACS inhibition in PBMCs and the involvement of
HDACSE in IFN-I production through the phosphorylation of TBK1
and the expression of IRF7 and IRF9. The experiments using
HDAC-specific inhibitors showed that HDAC6 and HDAC3 addi-
tively regulated IFN-I production. However, HDAC6 was involved
in TBK1 phosphorylation induced by LPS and cGAMP stimulation
in THP1 cells, whereas HDACS3 was not involved, suggesting that
the mode of function for HDAC6 and HDAC3 may be different
according to the activation state; therefore, the differences
between our observations and previous reports are likely due to
differences in experimental settings.

Epigenetic dysregulation, particularly histone hypoacetyla-
tion, has been implicated in SLE pathogenesis. Specifically,
hypoacetylation of histones H3 and H4 in B cells alters the
expression of immune response-related genes in patients with
SLE and in lupus-prone mice. Previous studies with HDAC inhibi-
tors showed therapeutic potential in lupus models.*?*® Thus, epi-
genetic control by HDAC inhibitors may be a promising strategy
for the treatment of SLE. We showed that vorinostat improves
mortality and disease severity by suppressing in vivo IFN-I pro-
duction and ASC differentiation in lupus-prone mice. Moreover,
vorinostat’s mechanisms of action were similar to those of
HDACSB selective inhibitors, suggesting that vorinostat may exert
its effects mainly through HDACSE inhibitory activity.

Vorinostat is clinically approved for cutaneous T cell lym-
phoma, with well-characterized pharmacokinetics and side effect
profiles. Conventional drugs have limited efficacy due to their
broad or highly limited immunologic effects. Glucocorticoids
inhibit the NF-kB pathway, thereby suppressing the production
of inflammatory cytokines and antibodies, but they cannot inhibit
IFN-I signal transduction and are associated with a wide range
of side effects. Hydroxychloroquine selectively suppresses IFN-a
production via TLR7/9 inhibition in pDCs but has little effect on B
cells.** Belimumab primarily targets B cells, attenuating the
differentiation of autoantibody-producing plasmablasts with only
minimal direct effects on IFN-I pathways.*® This mechanistic dis-
tinction underscores the therapeutic value of vorinostat and pro-
vides a foundation for its potential in SLE. Thus, it is essential to
optimize key parameters such as dosage, route of administration,
targeted delivery, and molecular editing to maximize the clinical
efficacy and minimize side effects of vorinostat.

Clinical adverse effects of vorinostat include infection, throm-
bocytopenia, and liver damage. Vorinostat decreased the mRNA
levels of glycolytic enzymes such as lactate dehydrogenase and
mitotic checkpoint regulators including KNL7 and APC/C in
human PBMCs. Glycolysis-derived metabolites support T cell
proliferation by providing critical substrates for histone acetylation
and epigenetic remodeling during early activation.*® Similarly,
activated B cells up-regulate glycolytic enzyme to support clonal
expansion and PC differentiation via germinal center B cells.*’
On the other hand, KNL1 and APC/C are involved in cell division

and proliferation by regulating cell cycle progression. Therefore,
dysfunction of these enzymes might lead to metabolic reprogram-
ming and lymphocyte proliferation disorders following vorinostat
administration.*® Furthermore, the long-term effects of sustained
histone acetylation induced by vorinostat are another concern.
HDACB6-deficient mice were reported to exhibit no gross
developmental or baseline immunologic abnormalities, apart
from augmented regulatory T cell function, under physiologic
conditions.***% We showed that vorinostat-treated mice were
healthy, with no effect on T cell populations, anorexia, weight loss,
and little off-target expression or repression of MRNAs, suggest-
ing to be tolerable for SLE. Of note, serum and spleen vorinostat
levels decreased below the effective blood concentration (>500
nM) within two hours after administration,®" similar to that in
humans. The rapid clearance of vorinostat may contribute to
reduced adverse effects in mice. Despite this short half-life, it is
noteworthy that vorinostat demonstrated significant therapeutic
effects for SLE-prone mice.

Study limitations include the following: (1) the number of mice
and PBMCs from patients with SLE were insufficient; daily intra-
peritoneal administration due to the short half-life of the drug
was necessary. Therefore, the translational extension of these
findings to humans must be considered with caution. (2) The
effects of vorinostat on other immune cells have not yet been
investigated. It is necessary to clarify the effects of long-term his-
tone acetylation by HDAC inhibitors on immune memory
responses. (3) The influence of vorinostat on other cellular func-
tions such as metabolism and proliferation have not been
fully elucidated. Sustained inhibition of genes associated with
metabolism and mitosis may impair the accuracy of chromosome
segregation, highlighting the importance of long-term safety mon-
itoring. (4) The exact molecular mechanisms by which vorinostat
and HDACG6 inhibitor suppresses IFN-I production and PC
differentiation remain unclear. Future studies, including multio-
mics approaches such as assay for transposase-accessible
chromatin  with high-throughput sequencing and chromatin
immunoprecipitation sequencing, will be important for dissecting
the epigenetic and transcriptional changes underpinning inhibition
of IFN-I signaling and B cell maturation.

In conclusion, our findings show that vorinostat improved
SLE symptoms in mice by simultaneously suppressing pathologic
IFN-I production and aberrant B cell differentiation, primarily tar-
geting HDACB. Vorinostat and other HDAC inhibitors should be
reevaluated as promising therapeutic agents for SLE, offering
more effective and well-tolerated solutions for patients with SLE.
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