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Abstract
We sought to determine if a specific class I and II HDAC inhibitor (ITF2357) was able to decrease
disease in lupus-prone NZB/W mice through regulation of T cell profiles. From 22 - 38 weeks-of-
age, NZB/W and non-lupus NZW mice were treated with ITF2357 (5 mg/kg or 10 mg/kg), or
vehicle control. Body weight and proteinuria were measured every 2 weeks, while sera anti-
dsDNA and cytokine levels were measured every 4 weeks. Kidney disease was determined by sera
IgG levels, immune complex deposition, and renal pathology. T lymphocyte profiles were
assessed using flow cytometric analyses. Our results showed NZB/W mice treated with the high-
dose of ITF2357 had decreased renal disease and inflammatory cytokines in the sera. Treatment
with ITF2357 decreased the Th17 phenotype while increasing the percentage of Tregs as well as
Foxp3 acetylation. These results suggest that specific HDAC inhibition may decrease disease by
altering T cell differentiation and acetylation.
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1. Introduction
Systemic lupus erythematous (SLE) is an autoimmune disease in which a genetic
predisposition coupled with an environmental trigger initiates disease. The major cause of
morbidity and mortality is lupus nephritis (LN), which affects over half of all SLE patients
[1]. Altered T cell profiles leading to a loss of self-tolerance, an increased immune response,
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and decreased B cell suppression contribute to glomerular immune complex deposition and
kidney dysfunction [2]. Treg cell numbers and function are diminished in patients with SLE
[3, 4]. The percentage of Treg cells has been shown to be inversely related to anti-dsDNA
serum levels and disease severity in human SLE patients [5].

New Zealand Black/BinJ (NZB) mice spontaneously develop autoimmune abnormalities
including hemolytic anemia, increased levels of Ig, glomerulonephritis, and anti-dsDNA
antibodies. New Zealand White/LacJ (NZW) mice do not develop severe autoimmune
disease and can be used as non-lupus controls [6, 7]. NZW mice have a normal lifespan, but
do develop anti-DNA Abs late in life and have been demonstrated to have increased
numbers of Treg cells as early as 5-6 week-of-age [8]. The F1 progeny (NZB/W) from the
cross between NZB and NZW mice develop lupus-like symptoms including
glomerulonephritis, immune complex deposition, activated T and B cells, and autoantibody
production to dsDNA [6]. NZB/W mice share many similar symptoms and disease
pathologies with human SLE and serve as an acceptable model to study human disease. [9,
10]. NZB/W mice begin to develop disease by 20 weeks-of-age, which progresses to severe
renal disease by 36 weeks-of-age [11]. NZB/W mice predominantly overproduce the IgG2a
subclass of IgG, which is associated with increased SLE pathogenicity [12].

T cells play a critical role in the adaptive immune response and their dysregulation has been
implicated in many autoimmune diseases, including SLE. Cytotoxic T cell (CD8+) activity
is known to be reduced in SLE patients, which contributes to increased B cell activity
leading to autoantibody production [13, 14]. CD4+ T cells can differentiate into 4 major
subsets: Th1, Th2, Th17, and Treg cells [15]. Th2 cells are instrumental to humoral
immunity and are responsible for secreting IL-4, IL-5, and IL-10 [16-18]. The balance
between Th1 and Th2 subsets is an important regulator of autoimmune disease [19]. Studies
of SLE have demonstrated an increase in both Th1 and Th2 cytokines in murine models as
well as in humans [19]. Th17 (CD4+ RORγ+IL-17+) cells produce IL-17 and have recently
been implicated in multiple autoimmune diseases [20]. SLE patients tend to have increased
levels of Th17 cells leading to overproduction of IL-17 and increased activation of
inflammatory mediators contributing to tissue damage [14, 19, 21, 22]. Treg cells
(CD4+CD25+Foxp3+) function to suppress the proliferation of other immune cell subsets,
regulating cytokine production and self-reactive T cells. Differentiation of CD4+ T cells into
Treg cells requires the Foxp3 transcription factor. When Foxp3 is mutated in T cells,
autoimmune disease can develop due to the immune system's inability to regulate Th1 pro-
inflammatory cytokines including IL-2, IFN-γ, and TNF-α, involved with cell-mediated
immunity. Studies in healthy mice have shown that depletion of Tregs leads to the
development of autoimmune disease in these animals [23-26]. Histone deacetylases
(HDACs) are able to influence the Foxp3 gene directly through histone deacetylation as well
as indirectly by altering Foxp3 transcription factors [27, 28].

HDACs have been implicated for their role in autoimmune dysregulation. DNA is packaged
into approximately 146 bp and structured around a histone core to form a nucleosome [29].
Histone proteins can be modified through the addition of acetyl groups to lysine residues by
histone acetyl transferases (HATs), regulating gene expression [30, 31]. Conversely,
HDACs remove acetyl groups from the lysine residues, condensing chromatin and
preventing gene transcription. HDAC inhibitors prevent the removal of acetyl groups from
histone proteins leading to hyperacetylation of histones [28, 32]. HDACs are not only able
to epigenetically regulate gene transcription, but more recently have been shown to regulate
acetylation of non-histone proteins including transcriptional factors, DNA repair enzymes,
and structural proteins. HDACs are thereby able to directly influence protein stability,
protein-protein interactions, and protein-DNA interactions through post-translational
acetylation [33, 34].
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HDACs are grouped into four classes: classes I – IV. Class I HDACs, which includes
HDAC 1, 2, 3, 6, and 8, are located solely within the nucleus. Class II HDACs, which
includes HDAC 4, 5, 7, and 9) are found in both the nucleus and the cytoplasm [27, 32].
Class III HDACs consist of seven mammalian silent information regulator two proteins
(sirtuins or Sirt) [32, 35]. Class IV HDACs solely consist of HDAC 11,which modify DNA
expression by changing the core histones [32]. HDACi are able to target specific classes of
HDAC proteins eliciting various effects on both histone and non-histone proteins.

The current studies were designed to determine whether a class I and II HDACi would
decrease lupus nephritis by epigenetically altering the differentiation of splenic T cells.
ITF2357 is a known inhibitor of class I and II HDACS with anti-inflammatory properties
[36]. Previous studies have shown that ITF2357, a hydroxamic acid-derived compound, is
selective against HDACs 1, 2, 3, 4, 6, and 7 and has demonstrated no specificity for class III
or IV HDACs [37, 38]. Current research of ITF2357 has indicated it is able to reduce the
production of pro-inflammatory cytokines (IL-1β, TNF-α, IL-6, and IFN-γ) at a low dose
(1.0 mg/kg) without adverse cytotoxic effects [39-43]. ITF2357 has been demonstrated to be
efficacious in cancer treatment [44] and is in a phase II clinical trial for children with active
systemic onset juvenile idiopathic arthritis [45].

2. Materials and Methods
2.1. Mice

Female NZB/W F1 and NZW mice were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). All mice were used in accordance with the Institutional Animal Care and Use
Committee of Virginia Polytechnic Institute and State University (Virginia Tech) and
housed in the animal facility at the Virginia-Maryland Regional College of Veterinary
Medicine (VMRCVM, Blacksburg, VA, USA).

2.2. In vivo treatment
Mice were injected intraperitoneally 5 days/week with the vehicle control (DMSO),
ITF2357 treatment at 5mg/kg, or ITF2357 treatment at 10mg/kg. The total volume of each
injection was 50 μl. Treatment began at 22-weeks-of-age until euthanization during late
stage clinical disease at 38 weeks-of-age. ITF2357 was courtesy of a generous donation
from Dr. Paolo Mascagni and Italfarmaco for use in all studies. Proteinuria and weight were
measured every two weeks and blood was collected once a month for sera analysis.
Proteinuria was measured in a blinded manner by a standard semi-quantitative test using
Siemens Uristix dipsticks (Siemens Healthcare, Deerfield, IL, USA). Results were
quantified according to the manufacturer's instructions and scored as follows: dipstick
reading of 0 mg/dL = 0, trace = 1, 30-100 mg/dL = 2, 100-300 mg/dL = 3, 300-2000 mg/dL
= 4, and 2000+ mg/dL = 5.

2.3. Measurement of autoantibodies
Sera were collected prior to initiation of treatment at 22 weeks-of-age and every 4 weeks
until euthanization. The mice were anesthetized using isoflurane (Piramal Healthcare,
Mumbai, Maharashtra, India) and bled from the retro-orbital sinus. Blood was allowed to
clot for 2 hours and then centrifuged for 15 min at 10,000 × g. The levels of sera antibodies
to dsDNA were measured by ELISA. High-binding plates were coated with 100 μL of 5 μg/
mL Calf Thymus DNA (Sigma, St. Louis, MO, USA) in saline-sodium citrate (SSC) buffer
and incubated overnight at 37°C. Plates were washed 3 times with 0.05% Tween-20 in 1X
PBS (Thermo Scientific, Waltham, MA, USA) and then blocked with 1% BSA for 1 hour
(BSA, Sigma, St. Louis, MO). Sera samples were added to the plate at a 1:100 dilution,
followed by a two-fold serial dilution. The plates were incubated for 45 minutes at 37°C.
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The plates were then incubated with an HRP-conjugated goat anti-mouse IgG gamma chain
specific Ab (1:4000, Southern Biotech, Birmingham, AL, USA) and washed as described
above. TMB substrate (Pierce, ThermoScientific, Rockford, IL, USA) was added to the
wells and the plate was read at 380 nm on a Spectramax 340PC microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). A final dilution of 1:1600
was reported.

2.4. Pathology
At the time of euthanization, the kidneys were removed and cut in half. One half of the
kidney from each mouse was fixed in formalin, embedded in paraffin, sectioned, and stained
with Periodic acid-Schiff (PAS). Kidney sections were scored (0 – 4) for glomerular
proliferation, inflammation, crescent formation, necrosis, and fibrosis by a pathologist
(David Caudell) in a blinded manner.

2.5. Immunofluorescence staining
One-half of each kidney was placed in OCT media and snap-frozen in a slurry containing
dry ice and 2-methylbutane (Fisher Scientific, Hampton, NH, USA). Frozen kidney sections
were cut into 3 μM sections and stained with goat anti-mouse IgG conjugated to FITC
(Pierce) diluted 1:100 or goat anti-mouse C3-FITC (Pierce) diluted 1:100. Kidney sections
were fixed in acetone for 10 minutes and washed 3 times with 1X PBS for 5 minutes each.
The sections were then incubated with C3 or IgG antibodies in a humid chamber for 1 hour.
Slides were mounted using Vectashield mounting media with DAPI (Vector Labs,
Burlingame, CA, USA) and examined by fluorescent microscopy. Sections were scored (0 –
4) for immune complex deposition by a pathologist in a blinded manner.

2.6. Fluorescent histone acetylation
Three μM sections were obtained from kidneys frozen in OCT media. Kidney sections were
thawed and fixed in acetone for 10 minutes at room temperature. Slides were rinsed 3 times
with 1X PBS for 5 minutes each. Slides were incubated overnight at 4°C with acetyl-
Histone H3 (Lys9) (Alexa Fluor 488,) diluted 1:500 in 1X PBS containing 1% BSA and
0.3% Triton X-100. Slides were rinsed with 1X PBS 3 times, mounted using Vectashield
mounting medium, and examined for fluorescence.

2.7. Flow cytometric analysis
A single-cell suspension was obtained from the spleens of NZB/W and NZW mice at 38-
weeks-of age. Briefly, spleens were dissociated using a wire mesh and the cell suspension
was centrifuged for 5 minutes at 300 × g. Cells were treated with RBC lysis buffer for 5
minutes at room temperature to lyse erythrocytes, washed 2 times with 1X PBS and then
resuspend in flow cytometry staining buffer. Cells were stained with Allophycocyanin
(APC)-conjugated CD3, FITC-conjugated CD4, eFluor450 (eF450)-conjugated CD8a,
PerCP-CY5.5-conjugated CD25, and PE-conjugated Foxp3, or Fitc-CD4, APC-ROR-γ, and
PE-IL-17, or APC-CD3, Fitc-CD4, and PE-CD8 anti-mouse mAbs (eBioscience, San Diego,
CA, USA). Fluorescence was measured using a FACS Aria 1 (BD Biosciences, San Jose,
CA) and data was analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

2.8. Glomerular Isolation
The cortical tissue was isolated from one kidney of each mouse and pooled by treatment
group. The tissue was minced using a surgical blade and then pressed through grading sieves
(180 and 150μM mesh). The cells remaining on the 75μM mesh were collected in 1X PBS,
force-pressed through a 21-gauge needle, and centrifuged. The pelleted cells were
resuspended in 750 U/mL Worthington type I collagenase solution and gently stirred in a
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water bath at 37°C for 20 minutes. Glomerular cells were pelleted and then resuspended in
RNAlater (QIAGEN, Valencia, CA, USA) and stored at −20°C until RNA isolation.

2.9. Isolation of RNA
RNA was isolated using the mirVana miRNA isolation kit according to the manufacturer's
protocol (Applied Biosystems, Carlsbad, CA, USA). Briefly, the cells were lysed and mixed
with acid-phenol: chloroform for organic extraction. The lysate was centrifuged to separate
the organic phases. The upper aqueous phase was removed and mixed with 100% ethanol
which was transferred onto a filter cartridge. RNA was eluted from the filter using 95°C
elution solution. The eluates were quantified on a spectrophotometer (Nanodrop, Thermo
Scientific, Waltham, MA, USA). An aliquot was taken and diluted to 1 ng/μL for real-time
RTPCR. The eluted RNA was stored at −80°C.

2.10. Real-time RT-PCR
IL-10, IL-6 and TGF-β mRNA expression were measured using TaqMan Gene Expression
assays (Applied Biosystems, Carlsbad, CA, USA). The RT master mix was mixed with 10
μL of 1ng/μL RNA template. The negative control received 10 μL of nuclease-free water.
RT was performed in an iCycler using the following parameter values: 25°C for 10 minutes,
37°C for 120 minutes, 85°C for 5 minutes, and held at 4°C. The RT product was stored at
−20°C until PCR was performed as described above. The ΔCT was calculated using the
endogenous control GAPDH, and then the ΔΔCT was determined by calculating the fold
change in expression between the NZB/W mice and the NZW controls. All samples were
run in triplicate.

2.11. ELISA
IL-1β, IL-10, and TGF-β protein levels were measured from the sera by ELISA according to
the manufacturer's protocol (eBioscience, San Diego, CA, USA). The plate was read at 450
nm on a microplate spectrophotometer.

2.12. In vitro immunoprecipitation and Western blotting
To determine if ITF2357 alters Foxp3 acetylation in vitro, 22-week-old female NZB/W mice
were euthanized and the spleens were made into single-cell suspensions using wire mesh. At
the time of euthanization all mice had a proteinuria of 30-100 mg/dL. Naïve CD4+ T cells
were isolated using magnetic beads and cultured in RPMI media containing 50 μM 2-ME,
1% streptomycin/penicillin, 2 mM HEPES, and 10% FBS at 37°C in a 5% CO2-humidified
incubator. Splenic CD4+ T cells were differentiated into Tregs with anti-CD3 (5μg/ml), anti-
CD28 (2μg/ml), recombinant human IL-2 (rhIL-2) (20 U/ml), and TGF-β (2ng/ml). Purified,
unstimulated CD4+ T cells were used as a control. Following 72 hours of incubation, Tregs
were treated with varying concentrations of ITF2357 for 24 hours and then collected. Foxp3
protein was immunoprecipitated and IgG immunoprecipitation was performed as an isotype
control. The Bradford protein assay was used to normalize protein levels. Western blot
analysis was performed to determine protein expression of acetylated histones. Briefly, cell
lysates were incubated overnight at 4°C with a Foxp3 Ab. A 50% protein G agarose bead
slurry was added to the cells and incubated at 4°C for 2 hours. Cells were spun down for 30
seconds at 300 × g and rinsed 5 times with cell lysis buffer. The cell pellet was resuspended
1:1 in cell lysis buffer and Laemmli buffer. The samples were heated to 95°C for 5 minutes
and then loaded onto a 15% SDS-PAGE gel. The proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane and incubated with antibodies against
acetylated histones and β-actin (Cell Signaling, Boston, MA, USA). All experiments were
run in triplicate.
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2.13. Statistical Analysis
Statistical analysis was performed using Student's unpaired t-test (two-tailed). P values less
than 0.05 were considered statistically significant.

3. Results
3.1. HDAC inhibition decreased sera and urinary markers of SLE in NZB/W mice

Body weight and proteinuria were monitored in NZW and NZB/W mice as they aged. In
NZB/W mice treated with DMSO or 5 mg/kg ITF2357, proteinuria levels increased with
age. Treatment with 10 mg/kg ITF2357 significantly decreased proteinuria levels as the
mice aged (Figure 1 B). Proteinuria remained low in NZW mice regardless of treatment
(data not shown). Following euthanization, body weight and spleen weight were measured
and the ratio between spleen and body weight was calculated. The spleen: body weight ratio
was significantly decreased in NZB/W mice treated with 10mg/kg ITF2357 compared to
DMSO-treated NZB/W mice (Figure 1 C). 50% of the DMSO-treated NZB/W mice died
before completion of the study. No mice receiving ITF2357 died during the study (Figure 1
A and Table 1).

3.2. Treatment with ITF2357 reduced serum anti-double stranded DNA and IgG isotype
levels

To determine if HDAC inhibition alters autoantibody production, serum anti-dsDNA levels
were measured in NZW and NZB/W mice every 4 weeks beginning at 22 weeks-of-age
through euthanization at 38 weeks-of-age. As the NZB/W mice aged, serum anti-dsDNA
levels increased compared to the NZW controls. At 38 weeks-of-age the 10mg/kg ITF2357-
treated NZB/W mice had significantly decreased levels of anti-dsDNA compared to the
levels in NZB/W mice treated with the vehicle control alone (Figure 2 A). While there was a
decrease in anti-dsDNA levels at 38 weeks-of-age from mice that were treated with 5 mg/kg
ITF2357, these results were not statistically significant. There were no significant
differences in serum anti-dsDNA levels between the groups at 22 weeks-of-age. SLE
patients and lupus-prone mice have elevated levels of IgG isotypes, which contribute to
disease by forming immune complexes in the kidneys leading to glomerulonephritis. A
correlation between increased levels of IgG2a and glomerulonephritis has been shown by
previous research [46]. Our study showed that NZB/W lupus-prone mice have elevated
levels of IgG2a and total IgG at 38 weeks-of-age when compared with NZW controls.
Treatment with ITF2357 decreased IgG2a and total IgG in a dose-dependent manner. At
10mg/kg, ITF2357 was able to decrease sera levels of IgG2a and total IgG to levels
comparable to those in sera from non-diseased NZW mice, however these results were not
statistically significant (Figure 2 B-C).

3.3. Effects of histone deacetylation on cytokine production
HDAC inhibitors have been shown to decrease levels of pro-inflammatory cytokines.
Therefore we sought to examine the expression of SLE-associated inflammatory cytokines.
Cytokine levels were measured in the sera of NZW and NZB/W mice beginning at 22
weeks-ofage every 4 weeks until euthanization at 38 weeks-of-age. TGF-β levels were not
significantly different between groups of mice at 22 weeks-of-age (Figure 3 A). As the mice
aged, TGF-β decreased in both NZW and NZB/W mice; however, the effect was more
marked in the NZB/W mice. Treatment with the HDACi at 10 mg/kg increased TGFβ levels
comparable to those in age-matched NZW mice (Figure 3 B). IL-1β sera levels were similar
in both NZW and NZB/W mice at 22 weeks-of-age (Figure 3 C). As the NZB/W mice aged,
IL-1β production increased, however, treatment with ITF2357 was able to reverse this effect
(Figure 3 D).
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3.4. Glomerular mRNA expression is altered following HDAC inhibition in vivo
Relative glomerular mRNA expression of IL-10, TGF-β, and IL-6 were determined using
RT-PCR. HDACi therapy (10mg/kg) was able to decrease IL-10 expression in the
glomeruli; however, treatment with 5 mg/kg had no effect on IL-10 expression (Figure 4 A).
Treatment with ITF2357 at 5mg/kg resulted in increased TGF-β expression in the glomeruli,
however, at the 10 mg/kg dose there was no significant difference in TGF-β expression in
NZB/W mice (Figure 4 B). Glomerular IL-6 mRNA expression was significantly decreased
in a dose-dependent manner following treatment with ITF2357 (Figure 4 C).

3.5. Increased differentiation into cytotoxic T cells following HDACi treatment
In order to further characterize the T cell splenic phenotype, levels of CD4+ and CD8+ were
assessed. HDAC inhibition by ITF2357 significantly decreased the ratio of CD4:CD8 cells
in NZB/W mice by increasing the cytotoxic T cell subset while decreasing the number of Th
cells (Figure 5 A-D). NZW mice had a higher percentage of CD4−CD8+ T cells compared to
NZB/W mice. Treatment with ITF2357 significantly increased the percentage of cytotoxic T
cells at both the 5 mg/kg and 10 mg/kg dose (Figure 5 A-B). The percentage of Th cells was
higher in NZB/W mice compared to NZW mice. Specific class I and II HDAC inhibition
resulted in a dose-dependent decrease in Th cells in NZB/W treated mice (Figure 5 A, C).
The treatment had no effect on the T cell profile of NZW mice receiving the same treatment
(Figure 5A – D).

3.6. Inhibition of HDAC increased the number of regulatory T cells
The Treg phenotype was assessed due to its role in the maintenance of self-tolerance and the
prevention of autoimmune disease [31]. Following euthanization at 38 weeks-of-age,
spleens were removed and single cell suspensions were obtained. Cells were stained for flow
cytometric analyses. The percentage of CD4+CD25+Foxp3+ T cells (Tregs) was
significantly increased in NZB/W mice that had received 10 mg/kg ITF2357 compared to
DMSO-treated controls (Figure 6 A-B). NZW mice had no significant change in Treg
profiles regardless of treatment (Figure 6 A-D). Treatment with ITF2357 treatment with
both the 5 mg/kg and 10 mg/kg resulted in increased percentages of CD4+CD25+Foxp3−

and of CD4+CD25−Foxp3+ T cells compared to mice treated with the vehicle control alone
(Figure 6 A, C – D). Furthermore, treatment with the HDACi significantly increased the
percentage of Foxp3−CD25+ cells in a dose-dependent manner in NZB/W mice. However,
HDAC inhibition had no effect on the percentage of Foxp3−CD25+ T cells in NZW mice.

3.7. Histone acetylation inhibits TH17 differentiation
An imbalance between the Treg and Th17 subsets exists throughout the progression of SLE.
The Th17 phenotype was assessed in spleens from 38-week-old NZW and NZB/W mice
treated with DMSO or 5 mg/kg or 10 mg/kg ITF2357 for 16 weeks. NZB/W mice had
decreased levels of CD4+IL-17+ROR-γ+ T cells compared to NZW mice. The percentage of
IL-17 producing T cells, measured by flow cytometric analyses, was further reduced in
NZB/W mice that were treated with 10mg/kg ITF2357. Treatment with ITF2357 also
reduced the percentage of Th17 cell is NZW mice in a dose-dependent manner (Figure 7 A –
B).

3.8. ITF2357 alters renal histopathology and decreases glomerular immune complex
deposition

In order to assess renal disease, kidney sections were embedded in paraffin and stained by
PAS. Light microscopy analysis of the kidney sections showed an increase in
glomerulonephritis development in NZB/W mice compared to non-diseased NZW mice.
DMSO-treated NZB/W mice had an average glomerular score of 3+ with severe
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glomerulonephritis. ITF2357 (10 mg/kg) treatment reduced the overall severity of disease by
decreasing hypercellularity, crescent formations, and thickening/irregularity of the
glomerular basement membrane (Figure 8 A, B). Immune complex and complement
deposition within the glomeruli were assessed by immunofluorescent analysis of kidney
sections. NZW mice had minimal immune complex deposition regardless of treatment
(Figure 8 C-E). Both the number of glomeruli with C3 and IgG deposition as wells as the
overall level of deposition within each glomeruli was increased in the NZB/W DMSO-
treated mice when compared to NZW controls (Figure 8 F). Following treatment with the
HDACi, NZB/W mice had decreased immune complex and complement deposition in the
glomeruli (Figure 8 H-J). Taken together these results show that ITF2357 (10 mg/kg)
decrease glomerular immune deposits in NZB/W mice.

3.9. Histone acetylation is increased in the kidneys following ITF2357treatment
Acetylation of the H3 (Lys9) histone is involved with the regulation of nucleosome
packaging and structure and is particularly susceptible to post-translational modification.
Kidney sections were stained with an Ab for the acetylated H3 histone (FITC) and a nuclear
(DAPI) stain and immunofluorescence was assessed. ITF2357 treatment at10 mg/kg
increased histone H3 acetylation in both NZW and NZB/W mice (Figure 9). However,
treatment at 5 mg/kg ITF2357 was unable to alter H3 histone acetylation (Figure 9 E).

3.10. In vitro treatment with ITF2357 increased Foxp3 acetylation
Foxp3 acetylation was assessed through immunoprecipitation and Western blot analysis of
splenic T cells. A Treg cell phenotype was induced using IL-2, TGF-β and CD3/CD28 co-
stimulation. Cells were treated with increasing concentrations of ITF2357 and levels of
Foxp3 acetylation were determined by immunoprecipitation and Western blot analysis.
Splenic CD4+ T cells were immunoprecipitated with Foxp3 as a control. Induced Tregs were
immunoprecipitated with IgG as an isotype control. Treatment with the selective Class I and
II HDACi was able to increase acetylation of Foxp3 in vitro in a concentration-dependent
manner. At a 5 μM concentration the increase in Foxp3 acetylation was significantly
increased compared to non-treated controls (Figure 10).

4. Discussion
Various HDAC inhibitors have been shown to have therapeutic potential in animal models
of multiple autoimmune diseases, including SLE, arthritis, inflammatory bowel disease, and
diabetes [41, 42, 47-50]. However, the mechanism through which HDAC inhibitors
ameliorate autoimmune disease remains to be elucidated. We sought to determine if
ITF2357 would decrease disease in NZB/W mice. NZB/W and NZW mice were treated for
16 weeks beginning at 22 weeks-of-age. Key urinary and sera markers of SLE including
proteinuria (Figure 1B) and anti-dsDNA (Figure 2A) were decreased in lupus-prone NZB/W
mice treated with ITF2357 throughout the study. Histone acetylation was confirmed through
immunofluorescence in the kidney (Figure 9 A-F). DMSO-treated NZB/W mice had a
marked increase in immune complex deposition and proliferative glomerulonephritis
compared to NZW control mice, which was ameliorated following specific class I and II
HDACi therapy (Figure 8). Flow cytometric analysis of splenic T cells showed increased
Treg cell numbers (Figure 6), but a decreased Th17 phenotype (Figure 7).

Our results showed that treatment with ITF2357 resulted in increased Foxp3 acetylation in a
dose-dependent manner. Recent studies suggest that HDAC inhibitors play a role in the
acetylation of non-histone proteins to regulate protein stability, protein-protein interactions,
and protein-DNA interactions [33]. Hyperacetylation by HDAC inhibition may prevent
ubiquitination and proteasomal degradation, affecting protein stability [51]. One non-histone
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protein that has been shown to be regulated by HDACs is Foxp3 [35]. Increased Foxp3
acetylation has been demonstrated to prevent polyubiquitination and subsequent proteasomal
degradation increasing the stability of the Foxp3 protein and thereby allowing for increased
Treg differentiation [35]. Increasing the stability of Foxp3 is important for regulating Treg
suppressive function as well as Treg development [52]. In our study, splenic cells treated
with ITF2357 had increased Foxp3 acetylation at the 1 μM concentration (Figure 10). It has
been hypothesized that as Foxp3 becomes acetylated, the interaction between transcription
factors and the Foxp3 promoter is increased, thereby increasing Foxp3 expression and Treg
cell populations [51].

In the present studies, the Treg (CD4+CD25+Foxp3+) phenotype was increased in NZB/W
mice treated with ITF2357, a specific class I and II HDACi, compared to DMSO-treated
control mice (Figure 7). Stable expression of Foxp3 is necessary for Treg suppression of Th
cells and the regulation of autoimmune disease. Research suggests that Tregs may be able to
downregulate glomerulonephritis [53, 54]. Our results indicate that the increase in the Treg
cell population coincided with decreased glomerulonephritis. In NZB/W mice depleted of
CD4+CD25+ T cells, glomerulonephritis develops in an accelerated manner suggesting that
Treg cells are critical for suppression of inflammation in the kidneys [26].

Our study showed that treatment with ITF2357 was able to increase H3 histone acetylation
in both NZW and NZB/W mice (Figure 10). Histones can be epigenetically regulated
through acetylation or methylation of lysine residues. Acetylation of Lys 9 of the H3 histone
has been implicated for its role in transcriptional activation [29]. Previous research has
shown that an increase in acetylation of the H3 histone (lys9) correlated with a marked
increase in Foxp3 expression [51, 55]. ITF2357 was able to regulate site-specific acetylation
of Lys9 in the kidney tissue. We also found that treatment increased the percentage of
Foxp3+ Treg cells in vivo. These data suggests that by inhibiting class I and II HDACs we
were able to increase H3 histone acetylation, further aiding Foxp3 expression.

TGF-β promotes expression of Foxp3, a transcription factor for Treg cells [18, 56]. Our
studies showed a decrease in TGF-β in the sera of NZB/W mice receiving vehicle alone
(Figure 4B). TGF-β has been demonstrated to play a dual role in SLE pathogenesis [57].
Reduced levels of TGF-β in immune cells can coincide with an increase in TGF-β in target
organs leading to autoimmune disease such as lupus [57]. Reduced TGF-β production by
immune cells predisposes to autoantibody production, a hallmark of SLE, associated with
complement activation, inflammatory cytokine production, and subsequent tissue
inflammation and deposition of extracellular matrix [57-59]. Anti-inflammatory cytokines
including TGF-β are produced in order to combat inflammation within target organs such as
the kidneys inducing the production of extracellular matrix leading to fibrosis [60, 61].
Treatment of NZB/W mice with ITF2357 (10 mg/kg) was able to reverse this effect
resulting in an increase in TGF-β in the sera. Furthermore, increased levels of TGF-β in the
sera helps naïve CD4+ T cells differentiate into Treg cells which help to regulate
autoimmune disease [56].

Anti-dsDNA is produced by autoreactive B cells that are characteristic of patients with SLE.
These autoreactive B cells are able to overproduce anti-dsDNA in part due to activation by
CD4+ Th cells [5]. Our studies show that NZB/W mice had increased numbers of CD4+ Th
cells (Figure 6 C), which correlated with elevated anti-dsDNA sera levels (Figure 2A).
However, treatment of NZB/W mice with ITF2357 (10 mg/kg) was able to reduce the
percentage of CD4+ T cells as wells as decrease autoantibody production. There was also a
marked decrease in the ratio of CD4+CD8+ cells in NZB/W mice treated with ITF2357 (10
mg/kg) when compared to DMSO-treated control mice (Figure 6 D). CD4+ T cells have
increased activation in patients with SLE [61]. Conversely, CD8+ T cells are reduced in
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number and function resulting in lack of inhibition of autoreactive B cells [13, 62]. Our data
suggests that increasing the number of cytotoxic T cells contributes to the decrease in
autoantibody production by autoreactive B cells. Splenomegaly, or enlargement of the
spleen, is suspected to result from a number of different factors during SLE including
increased lymphocyte proliferation and autoantibody stimulation [63]. Reduced spleen: body
weight ratio may be due to reduction in the number of lymphocytes following HDAC
inhibition.

5. Conclusion
HDACi are able to provide a more targeted approach to treatment through inhibition of
specific classes of HDACs and have been studied for efficacy in a number of autoimmune
diseases [49, 64, 65]. Previous research has demonstrated the ability of HDACi including
TSA and SAHA to decrease SLE pathogenesis in NZB/W mice [16, 47]. Our studies have
shown the ability of ITF2357 to decrease sera and urinary markers of lupus, increase Treg
numbers, while improving renal histopathology. We hypothesize that an increase in Treg
cell number and function may reduce autoantibody production resulting in decreased disease
activity during SLE. Taken together these data suggest class I and II histone deacetylation
plays an important role in the development of lupus and that treatment to inhibit
deacetylation can ameliorate SLE disease.
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• Lupus-prone NZB/W mice were treated with a class I/II HDACi (ITF2357)

• ITF2357 treatment decreases anti-nuclear antibodies and immune complex
deposition

• ITF2357 treatment increases the Treg phenotype and Foxp3 acetylation

• HDAC inhibition decreases SLE in NZB/W mice by altering the T cell
phenotype
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Figure 1. Assessment of disease progression in NZB/W female mice.
(A) By 38 weeks-of-age, half of the NZB/W mice receiving the vehicle control alone had
died. No NZW (control) mice or mice receiving ITF2357 treatment died before termination
of the experiment. (B) Measurement of proteinuria in NZB/W F1 mice receiving
intraperitoneal injections of ITF2357 (5 mg/kg in DMSO), (10 mg/kg in DMSO) or vehicle
control (DMSO) at 22–38 weeks-of-age. (C) Spleen:body weight ratio was calculated. NZB/
W mice treated with ITF2357 (10 mg/kg) had a decreased spleen:body weight ratio at 38
weeks-of-age (n ≥ 5 ; **p < 0.005).
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Figure 2. SLE sera biomarkers of disease were decreased in NZB/W mice following HDACi
treatment
(A) Measurement of sera anti-dsDNA in NZW and NZB/W mice at 22 weeks-of-age (prior
to treatment) and at 38 weeks-of-age (following 16 weeks of treatment). Treatment with
ITF2357 (10 mg/kg) significantly decreased anti-dsDNA production in 38-week-old NZB/W
mice. (B-C) Sera IgG2a and total IgG levels were decreased in NZB/W mice treated with
the HDACi (n ≥ 5; **p < 0.005).
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Figure 3. Cytokine production in lupus-prone mice was assessed
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(A-D) TGF-β and IL-1β were measured in sera collected from mice prior to treatment (22
weeks-of-age) and following HDACi treatment every 4 weeks until mice were euthanized
(38 weeks-of-age). At 22 weeks-of-age there were no significant differences in sera TGF-β
or IL-1β (A,C). NZB/W mice treated with vehicle control had decreased levels of TGF-β
compared to the NZW mice. The level of sera TGF-β was significantly increased in NZB/W
mice treated with ITF2357 (10mg/kg) to levels comparable with NZW control mice at 38
weeks-of-age (B). There was a dose-dependent decrease in sera IL-1β in 38-week-old NZB/
W mice treated with ITF2357 (n ≥ 5; *p < 0.05).
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Figure 4. Glomerular mRNA levels were assessed in NZB/W mice
(A) One kidney was removed from each NZW and NZB/W mouse and pooled by group. A
glomerular isolation was performed and mRNA levels were quantified using RT-PCR. IL-10
was decreased in the glomeruli of NZB/W mice injected with ITF2357 (10 mg/kg)
compared to those receiving the vehicle control or ITF2357 (5 mg/kg). (B) mRNA levels of
TGF-β were increased in NZB/W mice treated with ITF2357 (5mg/kg), but there was no
significant difference in NZB/W mice treated with ITF2357 (10mg/kg) when compared to
DMSO treated NZB/W mice. (C) Treatment with ITF2357 significantly decreased
glomerular IL-6 in a dose-dependent manner (n ≥ 5; **p < 0.005, ***p < 0.0005, ****p <
0.0005).
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Figure 5. ITF2357 altered helper and cytotoxic T cell profiles
(A) Representative images of flow cytometry T cell profiles. (B) The percentage of
cytotoxic (CD4−CD8+) T cells increased with histone acetylation. (C) HDACi treatment
decreased the percentage of Th (CD4+CD8−) cells. (D) The ratio of CD4:CD8 T cells
decreased significantly in NZB/W mice treated with ITF2357 for 16 weeks (n ≥ 5; *p <
0.05, **p < 0.005 ***p<0.0005).
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Figure 6. The Treg cell profile was increased following class I and II HDAC inhibition
(A) Representative images of flow cytometry Treg profiles. (B) ITF2357 (10 mg/kg)
treatment significantly increased the percentage of CD4+CD25+Foxp3+ T cells. (C)
Percentage of T cells gated on CD4 that were Foxp3+CD25− in NZW and NZB/W mice
treated with ITF2357(5 mg/kg in DMSO), (10 mg/kg in DMSO) or vehicle control (DMSO)
for 16 weeks. (D) The percentage of CD25+ T cells is significantly increased following
ITF2357 treatment in 38 week old mice (n ≥ 5; *p < 0.05, **p < 0.005).
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Figure 7. ITF2357 decreased the percentage of Th17 cells
(A) Representative images of flow cytometry Th17 profiles. (B) The percentage of IL-17-
producing T cells decreased in mice treated with the HDACi (n ≥ 3; *p < 0.05).
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Figure 8. Kidney histopathology and immune complex deposition were assessed
(A,B) Paraffin embedded kidney sections were cut and stained with PAS stain. Sections
were assessed for glomerular proliferation, inflammation, number of nuclei per glomerulus,
crescent formation, and fibrosis by a blinded pathologist, and a glomerular score (0-4) was
assigned. DMSO-treated NZB/W mice had severe proliferative glomerulonephritis,
thickened GBM, and crescent formations. When treated with ITF2357 (10mg/kg) NZB/W
mice had improved renal pathology (A,B). 5 μM kidney sections were stained with FITC-
conjugated C3 or IgG and assessed for fluorescence intensity. Glomerular deposition of both
C3 and IgG was greater in NZB/W (vehicle control) mice compared to NZW mice. ITF2357
treatment was able to decrease immune complex deposition. (n ≥ 5; *p < 0.05 ).
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Figure 9. ITF2357 increases histone H3 acetylation in the kidney
(A) Five μM kidney sections from 38-week-old NZW and NZB/W mice treated with DMSO
or ITF2357 (5mg/kg or 10mg/kg) were stained for acetyl-histone H3 (lys9). Treatment with
ITF2357 (10mg/kg) increased the percentage of FITC (green) stained acetylated H3 histones
colocalized with nuclear DAPI (blue) stain in both NZW and NZB/W mice (n ≥ 5).
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Figure 10. Acetylation of Foxp3 histones
A single-cell suspension was isolated from the spleens of 22-week-old NZB/W mice. Cells
were differentiated into Tregs and treated with increasing concentrations of ITF2357 (0.25,
5, and 1 μM). Non-induced splenic cells that did not receive the Treg cocktail (anti-CD3,
anti-CD28, rhIL-2, and TGF-β) were used as a control. Foxp3 or IgG, as a control, were
immunoprecipitated and Western blot analysis was used to determine levels of Foxp3
acetylation. Treatment with ITF2357 increased the acetylation of Foxp3 in Treg cells.
Experiments were run in triplicate.
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Table 1
Mouse treatment groups and survival

20 NZB/W and 15 NZW mice were randomly divided into 3 treatment groups prior to the initiation of
treatment. During the study, 5 NZB/W mice in the DMSO treatment group died. No other mice died prior to
the termination of the study.

Treatment Mouse Strain No. of mice (beginning) No. of mice (end)

DMSO (control) NZW 10 5

ITF2357 (5mg/kg) NZW 5 5

ITF2357 (10mg/kg) NZW 5 5

DMSO (control) NZB/W 5 5

ITF2357 (5mg/kg) NZB/W 5 5

ITF2357 (10mg/kg) NZB/W 5 5
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