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Selective HDAC6 inhibition decreases early stage of lupus nephritis by
down-regulating both innate and adaptive immune responses
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We have demonstrated previously that histone deacetylase (HDACS)
expression is increased in animal models of systemic lupus erythematosus
(SLE) and that inhibition of HDAC6 decreased disease. In our current
studies, we tested if an orally active selective HDAC6 inhibitor would
decrease disease pathogenesis in a lupus mouse model with established early
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disease. Additionally, we sought to delineate the cellular and molecular

mechanism(s) of action of a selective HDAC6 inhibitor in SLE. We treated
20-week-old (early-disease) New Zealand Black (NZB)/White F, female mice
with two different doses of the selective HDACG6 inhibitor (ACY-738) for 5
weeks. As the mice aged, we determined autoantibody production and
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cytokine levels by enzyme-linked immunosorbent assay (ELISA) and renal
function by measuring proteinuria. At the termination of the study, we
performed a comprehensive analysis on B cells, T cells and innate immune
cells using flow cytometry and examined renal tissue for immune-mediated
pathogenesis using immunohistochemistry and immunofluorescence. Our
results showed a reduced germinal centre B cell response, decreased T
follicular helper cells and diminished interferon (IFN)-y production from T
helper cells in splenic tissue. Additionally, we found the IFN-a-producing
ability of plasmacytoid dendritic cells was decreased along with
immunoglobulin isotype switching and the generation of pathogenic
autoantibodies. Renal tissue showed decreased immunoglobulin deposition
and reduced inflammation as judged by glomerular and interstitial
inflammation. Taken together, these studies show selective HDAC6
inhibition decreased several parameters of disease pathogenesis in lupus-
Accepted for publication 2 September 2017 prone mice. The decrease was due in part to inhibition of B cell
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development and response.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune
disease in which the body’s immune system produces auto-
antibodies against normal healthy tissue or cellular compo-
nents to form immune complexes that are deposited in
various tissues, inducing inflammation leading to tissue
damage [1]. Autoantibodies are produced by activated
autoreactive B cells through antibody class-switching and
somatic hypermutation, with help from activated autoreac-
tive T cells [2]. In early disease, several studies have shown
a critical role for the proinflammatory cytokine interferon
(IFN)-a [3-6]. Additionally, studies using lupus-prone

mice have demonstrated that the ablation of plasmacytoid
dendritic cells (pDCs), which are the major source of IFN-
o, prevented lupus nephritis (LN) progression, reduced
activation of autoreactive T and B cells and decreased auto-
antibodies in the circulation and renal deposition [7,8].
These studies highlight the critical involvement of innate
immune activation in the initiation of SLE. LN occurs in
approximately 50% of SLE patients and is a major cause of
morbidity and mortality in this disease [9]. Recently, sev-
eral studies have provided evidence that epigenetic factors
play a crucial role in the initiation and progression of the
development of SLE, including LN [10].
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Epigenetic factors include miRNA, methylation of DNA
and acetylation of histones as well as non-histone proteins.
There exists a balance of histone acetylaces (HATs) and his-
tone deacetylases (HDACs) catalyzing the addition or
removal of acetyl groups on proteins which alter their sta-
bility and function [11]. There are 18 mammalian HDACs,
which remove acetyl groups from lysine residues on histo-
nes and other proteins that can lead to modifications in
multiple cellular functions including transcription, cell
cycle kinetics, cell signalling and cellular transport proc-
esses [12]. HDACs are classified based on structure and
function homology studied originally in yeast. Currently,
HDACs fall into four different classes. Class I HDACs
(HDACI1, 2, 3 and 8) reside primarily in the nucleus and
are distributed in a wide range of cells and tissues, where
they are responsible predominantly for targeting histone
proteins to repression gene transcription. Class II HDACs
are subdivided into class Ila (HDAC4, 5, 7 and 9) and class
IIb (HDACS6 and 10) based on domain organization and
exhibit selective tissue expression, and may shuttle between
the cytosol and the nucleus [12]. Class III comprises the
sirtuins, which act through a distinct nicotinamide adenine
dinucleotide (NAD™)-dependent mechanism and are not
considered ‘classical’ HDACs [13]. HDACI11 is the sole
member of class IV, as phylogenetic analysis revealed a very
low similarity to HDACs in the other classes [14].

In our previous studies we have demonstrated that inhi-
bition of HDACS, a class IIb HDAC, resulted in the amelio-
ration of LN in lupus-prone mice associated with several
altered immune responses, with minimal toxicity, suggest-
ing therapeutic potential to treat LN [15-17]. SLE is a
chronic inflammatory disease that is divided generally into
the early autoimmune initiating stage and the later auto-
immune effector stage [18-20]. It is still not well under-
stood whether the effects of HDAC6 inhibition to altered
autoimmune responses are at the priming stage or effector
stage. Here, using lupus-prone mice, we demonstrated that
HDACS6 inhibition was able to down-regulate the auto-
immune responses in early disease and inhibit the initiation
of LN.

Materials and methods

Mice and ACY-738 treatment

Female New Zealand Black/White F, (NZB/WF,/]) (NZB/
W) and C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and maintained under
specific pathogen-free conditions at Virginia Tech College
of Veterinary Medicine. For ACY-738 treatment, NZB/W
mice were given a diet mixed with two different doses of
the HDACS6 inhibitor, ACY-738 (50 mg/kg diet or 200 mg/
kg diet), which was purchased from Envigo (Huntingdon,
UK). All procedures strictly followed the requirements of

the Institutional Animal Care and Use Committee
(IACUC) at Virginia Tech.

Leucocyte isolation and flow cytometric analysis

Bone marrow leucocytes. Bones from both hind limbs of
each mouse were cracked gently in a mortar containing
phosphate-buffered saline (PBS) using a pestle. Bone mar-
row was released by gentle stirring after the addition of C10
medium (RPMI-1640, 10% fetal bovine serum (FBS),
1 mM sodium pyruvate, 1% X100 minimum essential
medium (MEM) non-essential amino acids, 10 mM
HEPES, 55 UM 2-mercaptoethanol, 2 mM L-glutamine and
100 U/ml penicillin-streptomycin, all from Life Technolo-
gies, Grand Island, NY, USA). The suspension was cleared
by passing through a 70-pm sterile cell strainer and layered
on top of Ficoll-Paque Plus (GE Healthcare, Pittsburg, PA,
USA). After centrifugation at 1363 g without break for 30
min at room temperature, mononuclear cells in the buffy
coat layer were collected. In studies with pure plasmacytoid
dendritic cells (pDCs), they were then sorted as 4’,6-diami-
dino-2-phenylindole (DAPI)"CD11c¢"CDI11b™ plasmacy-
toid dendritic cell antigen 1 (PDCA1) “B220" cells.

Spleen leucocytes. Spleens were collected, smashed and
then washed through 70-pum cell strainers with C10
medium. Red blood cells were lysed with red blood cell
(RBC) lysis buffer (eBioscience, San Diego, CA, USA). Cell
suspensions were filtered through 70-pum cell strainers to
remove debris clumps.

Ex-vivo stimulation of splenocytes

Splenocytes (1 X 10° per well) were stimulated with 50 ng/
ml phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, St Louis, MO, USA), 1 pg/ml ionomycin (Sigma-
Aldrich) and X1 brefeldin A (BFA) (eBioscience) in 200 pl
C10 and cultured in a 96-well flat-bottomed plate at 37°C
with 5% CO, for 5 h. Splenocytes were then collected for
flow cytometry.

Flow cytometric analysis

For surface marker staining, cells were blocked with anti-
mouse CD16/32 (eBioscience), stained with fluorochrome-
conjugated antibodies and analysed with BD FACSAria II
(BD Biosciences, San Jose, CA, USA) or Attune NxT (Ther-
moFisher Scientific, Waltham, MA, USA) flow cytometer.
For intracellular marker staining, after surface staining cells
were fixed and permeabilized with Fix/Perm buffer (eBio-
science) before staining intracellular markers. Anti-mouse
antibodies used in this study included: CD11b, CDllc,
Siglec-H, B220, lymphocyte antigen 6 complex, locus A
(Ly6a), major histocompatibility complex class II (MHC)-
II, CD19, CD138, immunoglobulin (Ig)D, monoclonal
antibody GL7 (GL7), IgM, CD43, CD3, CD4, forkhead box
protein 3 (FoxP3), programmed death 1 (PD-1) (Biole-
gend), C-C chemokine receptor type 5 (CCR5), IL-10 and
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IFN-y (BD Biosciences). Flow cytometry data were ana-
lysed with FlowJo software (Tree Star, Ashland, OR, USA.

Ex-vivo HDACG6 inhibition

For the drug inhibition experiment, bone marrow mono-
nuclear cells (BMMCs) from C57BL/6 mice were isolated
and seeded in a 96-well flat-bottomed plate at a density of
2 X 10° cells/ml in 200 pl C10 per well. The cells were then
incubated with various concentrations of ACY-738 over-
night and stimulated with ODN1585 cytosine—phosphate—
guanosine (CpG) (5 pM final) for an additional 6 h. Super-
natants were harvested and stored in a freezer at —80°C.
For the small-interfering RNA (siRNA) interference
experiment, pDCs were enriched from BMMCs using nega-
tive selection with a magnetic-activated cell sorting
(MACS) kit (MACS catalogue no. 130-092-786) and seeded
in a 24-well flat-bottomed plate at a density of 1.5 X 10°
cells/ml in 400 pl C10 per well. siRNA complexes were pre-
pared in HiPerfect reagent (Qiagen, Hilden, Germany)
according to the manufacturers’ instructions, and added to
the cells at 100 pl per well dropwise, followed by 1-day
incubation at 37°C with 5% CO,. pDCs were then stimu-
lated with ODN1585 CpG (5 puM final) for another 6 h.
Supernatants were harvested and stored at —80°C.

Enzyme-linked immunosorbent assay (ELISA)

Blood was collected directly from the heart, transferred
into microcentrifuge tubes and incubated for 30 min at
room temperature, and then centrifuged at 1500 g for 5
min. Serum was collected and stored at —80°C. Detection
of anti-double-stranded DNA (dsDNA) IgG was described
previously [21]. A similar procedure was used to detect
anti-dsDNA IgG2a. Total IgG and IgG2a concentrations
were determined using mouse IgG ELISA kits, according to
the manufacturer’s instructions (Bethyl Laboratories,
Montgomery, TX, USA).

Immunofluorescence

Kidneys were embedded in Tissue-Tek® optimal cutting
temperature compound (O.C.T."™) (Sakura Finetek, Tor-
rance, CA, USA) and frozen rapidly in a freezing bath of
dry ice and 2-methylbutane. Frozen OCT samples were cry-
osectioned and unstained slides were stored at —80°C. Fro-
zen slides were warmed to room temperature and allowed
to dry for 30 min, followed by fixation in —20°C cold ace-
tone at room temperature for 10 min. After washing in
PBS, slides were blocked with PBS containing 1% bovine
serum albumin (BSA) and anti-mouse CD16/32 for 20 min
at room temperature. Slides were then incubated with
fluorochrome-conjugated antibody mixture for 1 h at
room temperature in a dark humid box. Slides were
mounted with Prolong Gold containing DAPI (Life Tech-
nologies, Carlsbad, CA, USA). The following anti-mouse
antibodies were used in immunohistochemical analysis:
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IgG-phycoerythrin (PE), IgG 2a-PE (eBioscience, Santa
Clara, CA, USA) and anti-C3-fluorescein isothiocyanate
(FITC) (Cedarlanelabs, Burlington, Canada). Slides stained
with antibodies were read and pictured with EVOS® FL
microscope (Advanced Microscopy Group, Grand Island,
NY, USA) and a X40 objective. Six randomly picked glo-
meruli from each sample were pictured and then analysed
by using ImageJ software (National Institutes of Health,
Rockville, MD, USA) to calculate the deposition of IgG,
IgG2a and C3.

Proteinuria score and kidney histopathology

Proteinuria was measured weekly with Uristix 4 (Siemens,
Sacramento, CA, USA). A scale of 0—4 was used that corre-
sponded to negative-trace, 30, 100, 300 and > 2000 mg/dl
total protein, respectively. For renal histopathology, both
kidneys were removed at the time of euthanasia. One kid-
ney was fixed in 10% neutral buffered formalin for 24 h,
then processed routinely, embedded in paraffin, sectioned
at 4-5 um and stained with periodic acid-Schiff (PAS).
Kidney sections were assigned a glomerular pathology score
(0—4) based on a cumulative evaluation of glomerular pro-
liferation, inflammation, crescent formation, necrosis and
fibrosis by a board-certified veterinary anatomic patholo-
gist (M. D. Vieson) in a blinded manner. Briefly, the score
ranges from 0 (normal glomeruli) to 4, which includes glo-
meruli characterized by marked mesangial thickening,
hypercellularity, segmental necrosis, crescents and hyali-
nized end-stage glomeruli.

Statistical analysis

Unpaired Student’s t-test was used for comparison of two
groups. For the comparison of more than two groups, one-
way analysis of variance (aNovAa) and Tukey’s post-test were
used. Results were considered statistically significant when
P<0-05. In some experiments, linear regression analysis
and Grubbs’ test for identification of outliers were used. All
analyses were performed with Prism Graphpad (La Jolla,
CA, USA) software.

Results

Inhibition of HDAC6 prevents LN progression

We have reported previously on the pharmacokinetics of the
selective HDAC6 inhibitor ACY-783 [16]. To study the effects
of HDACS6 inhibition on the initiation of LN, we treated 20-
week-old NZB/W F, female (NZB/W) mice with the selective
HDACS6 inhibitor, ACY-738. Two different concentrations
were mixed in the food to evaluate a dose-dependent effect
for this compound. During the treatment, there were no stat-
istically significant changes in food consumption or body
weight (data not shown). Weekly monitoring of proteinuria
showed that starting from 23 weeks of age, NZB/W mice
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Fig. 1. Inhibition of histone deacetylase (HDA)C6 prevents histone deacetylase (LN) progression. (a) New Zealand Black/White (NZB/W) mice
showing proteinuria as they age. The tendency of proteinuria changes in three groups are indicated by the slope of lines representatively.

0 = control; 50 (mg/kg ACY-738); 200 (mg/kg ACY-738). (b) Representative periodic acid-Schiff (PAS) image of the glomerulus from NZB/W
mice in three different group are shown along with pathology score for glomerular lymphoproliferative mononuclear cell infiltration. Data are

shown as mean * standard error of the mean (s.e.m.), n = 8 mice in each group, #P = 0-057; *P < 0-05; **P < 0-01; **P < 0-001; one-way

analysis of variance (anova). [Colour figure can be viewed at wileyonlinelibrary.com]

treated with both doses of ACY-738 had significantly lower
proteinuria scores compared to those without treatment
(Fig. la). Linear regression analysis showed a significant
increase in proteinuria in the untreated group. While protei-
nuria in the 50 mg/kg ACY-738-treated group remained rela-
tively unchanged, there was a statistically significant decrease
in proteinuria noted in the 200 mg/kg ACY-738-treated
group. At termination of the treatment (aged 25 weeks), kid-
ney sections were evaluated for glomerulonephritis (Fig. 1b).
Given our scoring parameters, the 50 mg/kg ACY-738-
treated group was significantly lower than that of the
untreated group (Fig. 1b). The 200 mg/kg-treated group also
had a trend of lower score, although it did not reach but
was close to statistical significance compared to controls
(P=0-059). Taken together, these results suggest HDAC6
inhibition administered in the early stage of LN can help to
prevent the progression of LN.

HDACS6 inhibition reduces IFN-a production from
pDCs

To study the mechanism by which selective HDAC6 inhibi-
tion prevents the initiation of LN, we focused on the possi-
ble changes of the innate immune responses, particularly
pDCs, as they have been reported to play a key role in the
initiation LN through the production of IFN-a [7,8]. We
found that the administration of ACY-738 led to a statisti-
cally significant dose-dependent increase of the percentage
of MHC-II" pDCs (particularly MHC-II"Ly6a* pDCs,
gated according to the isotype control) and a significant

decrease of the percentage of MHC-II'Ly6a~ pDCs in the
BM compared to the untreated group (Supporting infor-
mation, Fig. Sla, Fig. 2a,b). Furthermore, the absolute
number of BM pDCs did not change (Supporting informa-
tion, Fig. S1b). To evaluate further the effect of HDAC6
inhibition on pDC IFN-a production, we sorted pDCs
from the BM stimulated with CpG, cultured at 37°C for
6 h, and then collected supernatant to detect the IFN-a
production of pDCs. We found that the ex-vivo IFN-a-
producing ability of BM pDCs from the 50 mg/kg ACY-
738-treated group was significantly lower than that of the
untreated group (Fig. 2¢). The pDCs from the 200 mg/kg
ACY-738-treated group was also decreased, although it did
not reach statistical significance (Fig. 2¢). These results sug-
gest that HDACG6 inhibition may inhibit differentiation of
BM MHC-II'Ly6a” pDCs, which are the cells thought to
produce the large amounts of IFN-« at the initial stage of
LN [22,23]. Consistent with the reduced IFN-a production
of pDCs in the BM of ACY-738-treated groups, through
RNA sequencing of total splenocytes we found a set of
IFN-a-regulated genes significantly different between the
0 mg/kg and 200 mg/kg ACY-738-treated groups, as shown
in Tables 1 and 2. Compared to the INTERFEROME data-
base [24], we found that the expression of splenic IFN-a-
down-regulated (Table 1) and up-regulated genes (Table 2)
were significantly higher and lower in the 200 mg/kg ACY-
738-treated groups, respectively, suggesting the lower IFN-
a level in the spleens of the HDAC6 inhibition group. To
evaluate further the influence of selective HDAC6
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Fig. 2. In-vivo study of histone deacetylase (HDA)C6 inhibition reduces interferon (IFN)-a production from plasmacytoid dendritic cells (pDCs).
(a) Representative flow cytometry plots of subtypes of pDCs in bone marrow are shown. (b) The percentage of pDCs with low ability [major
histocompatibility complex (MHC-IT)* lymphocyte antigen 6 (Ly6a)™ pDCs] and high ability (MHC-II" Ly6a~ pDCs) of secreting IFN-a. (c)
IFN-a production of sorted pDCs from bone marrow upon cytosine—phosphate—guanosine (CpG) stimulation for 12 h. *P < 0-05; **P < 0-01;
4P < 0-001; one-way analysis of variance (aNova), n > 4. [Colour figure can be viewed at wileyonlinelibrary.com]

inhibition on the function of pDCs, we cultured total BM
cells or enriched BM pDCs from C57BL/6 mice in medium
containing various concentrations of ACY-738. In parallel
experiments, we used HDAC6 siRNAs to specifically knock
down HDAC6. We found that in a concentration-
dependent manner, ACY-738 at 1 uM suppressed CpG-
induced IFN-a production significantly from pDCs with-
out significant cytotoxicity (Fig. 3a). Furthermore, using
siRNA to knock down HDACG6 directly in pDCs we found
a significant decrease of IFN-a production upon CpG
stimulation without affecting the survival of pDCs (Fig.
3b). Taken together, our results suggest that HDAC6 inhibi-
tion can suppress IFN-a production from pDCs which
may, in turn, prevent the initiation of LN.

HDACS6 inhibitor dampens adaptive immunity critical
for LN development

As IFN-a is a broad activator of the immune system [25]
and studies have shown the promoting effects of IFN-a on

the activation of B cells and T cells in lupus-prone mice
[26], we sought to determine if changes of B cell and T cell
responses occurred following HDAC6 inhibition during the
initiation stages of LN in NZB/W mice. Consistent with the
reduced IFN-a responses, the absolute number of plasma
cells (CD138B2207) and both the percentage and absolute
numbers of plasmablasts (CD138"°"B220") in the BM of
ACY-738-treated groups were significantly lower than those
of the untreated group (Fig. 4a,c,d). In addition, the spleen
weight and the percentage of germinal centre (GC) B cells
(GL7"IgD") in the spleen of the ACY-738-treated groups
were also decreased significantly (Supporting information,
Fig. S2a, Fig. 4b,e). Importantly, the HDAC6 inhibitor-
mediated reduction of spleen weight and B cell responses
were dose-dependent, with more apparent effects in the
200 mg/kg ACY-738 group compared to the 50 mg/kg
ACY-738 group. GC B cells are responsible for the genera-
tion of pathogenic IgGs, particularly the IgG2a isotype
[27], with high affinity to self-antigens in NZB/W mice.
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Table 1. Interferon (IFN)-a down-regulated genes from RNA
sequencing of total splenocytes

Table 2. Interferon (IFN)-a up-regulated genes from RNA sequenc-
ing of total splenocytes

IFN-o down-regulated genes

IFN-o up-regulated genes

log,_fold_change

log,_fold_change

Gene (ACY 738: 0 mg/200 mg) P-value Gene (ACY 738: 0 mg/200 mg) P-value
1100001G20Rik —0-79508 9-00E-04 Ablim1 0-470431 0-00075
7SK —1-05718 5-00E-05 Apobecl 0-431714 0-0031
Ankrd13b —0-743131 0-00195 B4galt5 0-522463 0-00025
Aqp9 —0-893753 0-00015 Bcl6 0-620676 5-00E-05
Art4 —0-685621 0-0029 Cd244 0-581184 0-0026
Atp7b —0-951345 5-00E-05 Cds3 0-722924 5-00E-05
Car3 —2-26838 0-00075 Ceacaml 0-833845 5-00E-05
Cc17 —1-70116 5-00E-04 Csrp3 1-46752 5-00E-05
Ccl24 —1-11797 5-00E-05 Cybb 0-597421 5-00E-05
Ctrbl —1-68403 5-00E-05 Duspl6 0-788321 5-00E-05
Ear6 —1-11203 0-00025 Ect2 0-708839 5-00E-05
Elovl7 —0-752606 0-0033 Ehd4 0-557537 5-00E-05
Epdrl —1-09842 5-00E-05 Gm12250 0-650353 0-00115
Gstkl —1-21378 5-00E-05 Gm16589 0-800247 5-00E-05
Gzma —0-614498 5-00E-05 Gngl1 1-22316 5-00E-05
Kif1 —1-41685 5-00E-05 Igkv12-98 1-37593 5-00E-05
Krt18 —1-88806 5-00E-05 Igkv3-10 0-738 5-00E-05
Lphnl —0-714992 7-00E-04 Igkv5-48 0-693764 5-00E-05
Mgl2 —1-55538 5-00E-05 11b 0-642912 0-00015
Mgst2 —0-745639 0-00265 Kif11 0-530139 0-00065
Myc —0-468861 7-00E-04 Lag3 1-1179 5-00E-05
Pdzklipl —1-06259 1-00E-04 Lairl 1-04921 5-00E-05
Plekha5 —0-576601 9-00E-04 Man2al 0-603639 5-00E-05
Prg2 —0-713751 1-00E-04 Manf 0-689241 0-00115
Retnlg —0-602896 0-00085 Ms4a6d 0-818086 5-00E-05
S100a8 —0-920403 5-00E-05 Msrl 0-822638 0-00335
S$100a9 —0-942064 5-00E-05 Nuf2 0-544983 0-00255
Sbf2 —0-790673 3-00E-04 Nuprl 1-44185 5-00E-05
Sord —0-687697 0-00015 Parpl4 0-609205 5-00E-05
Sphk1 —1-4623 5-00E-05 Pdia3 0-519802 0-00015
Tcfl5 —2-48992 5-00E-05 Phf6 0-532949 0-00015
Trnpl —1-32613 0-00015 Pik3apl 0-538156 5-00E-05
Wdr60 —0-824671 0-00315 Serpinel 1-33431 5-00E-05
Sh3bp2 0-604478 1-00E-04
Tpx2 0-498344 0-0015

This response of GC B cells requires help from correspond-
ing T helper (Th) cells [28]. In our studies, we sought to
compare Th cell responses in the spleen between ACY-738-
treated and untreated mice. We found the percentage of T
follicular helper cells (PD1TCXCR5") were significantly
lower in the two ACY-738-treated groups compared to the
untreated group (Fig. 5a). Next, we purified splenic T cells,
placed them in culture, then stimulated the cultured cells
with phorbol myristate acetate (PMA), ionomycin and bre-
feldin A (BFA) for 5 h and determined cytokine production
using intracellular staining. We found that the percentages
of Th cells secreting either IL-10 or IFN-v, both pathogenic
in NZB/W mice [29,30] were reduced significantly in two
ACY-738-treated groups compared to the untreated group
(Fig. 5b,c), while the percentage of IL-4-producing Th cells
was not changed (Supporting information, Fig. S2b). As
CD25"FoxP3™ regulatory T cells (T..g) did not show a

significant difference among the three groups (data not
shown), the increased IL-10-producing Th cells should be
the pathogenic population. In addition, the percentage of
IEN-vy-producing CD8" T cells was reduced in the spleen
by ACY-738 treatment (Supporting information, Fig. S2c),
indicating a general decrease of the Thl cytokine response.
These results suggest that HDAC6 inhibition down-
regulated B cell responses, as well as the T cell responses
that promote B cell responses at the initiation stage of LN
in NZB/W mice.

Pathogenic autoantibodies decrease with HDAC6
inhibition

A direct inducer of LN is the generation and deposition of
pathogenic autoantibodies in the glomerular regions of the
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Fig. 3. Ex-vivo study of histone deacetylase (HDA)C6 inhibition reduces interferon (IFN)-a production from plasmacytoid dendritic cells
(pDCs). (a) The viability of sorted pDCs from bone marrow after treatment with different concentrations of the selective HDAC6 inhibitor
(ACY-738) for 24 h. (b) IFN-a production of treated pDCs with HDAC6 inhibitor from bone marrow upon cytosine—phosphate—guanosine
(CpG) stimulation for 24 h. (c) The viability of sorted pDC from bone marrow after treatment with two different concentration of negative
control small-interfering RNA (siRNA) and HDAC6 siRNA, respectively, for 24 h. (d) IFN-a production of treated pDCs with siRNA from bone
marrow upon CpG stimulation for 24 h. *P < 0-05; **P < 0-01; ***P < 0-001; ****P < 0-0001; one-way analysis of variance (ANOVA); 1 = 3.

kidney. In LN, the activation of pDCs, B cells and T cells
all result in the generation of pathogenic autoantibodies.
To determine if HDAC6 inhibition would decrease patho-
genic Ig production we measured IgG antibody levels,
including autoreactive IgGs with or without HDAC6 inhi-
bition. The results showed that the levels of total IgG and
IgG2a in the serum of the 50 mg/kg ACY-738-treated
group were significantly lower than those of the untreated
group (Supporting information, Fig. S3a). The levels of
anti-dsDNA IgG and IgG2a in the serum of both the 50
and 200 mg/kg ACY-738-treated groups had a trend to
decrease compared to the untreated group, but did not
reach statistical significance (Supporting information, Fig.
S3b). Conversely, the deposition of both IgG and IgG2a
was reduced significantly in two ACY-738-treated groups
compared to the untreated group (Fig. 6a,b). Moreover,
C3 deposition was also reduced significantly in the
200 mg/kg ACY-738 group (Fig. 6¢), suggesting down-
regulation of the complement system upon HDAC6 inhi-
bition. Together, these results suggest that the pathogenic
autoantibody responses in the kidney of NZB/W mice
were suppressed by HDAC6 inhibition.

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 191: 19-31

Discussion

HDAC inhibitors are epigenetic regulators that have been
used effectively to treat haematological malignancies [31].
Despite the different classes of HDAC inhibitors that have
been used successfully as anti-cancer agents, their use in
immunology has not been reported widely. As published
recently by Grammer and Lipsky, HDAC inhibition in
lupus will effect pathways and not work solely through a
signal enzyme or gene [32]. They reported that the QUAD-
rATIC study showed 447 significant positive connections to
the HDAC signature in SLE and predicted that the HDAC
inhibitors vorinostat and valproic acid would have positive
effects in altering the lupus gene signature. As both vorino-
stat and valproic acid are considered non-selective HDAC
inhibitors affecting HDACI, 2, 3 and 6, our studies were
aimed to determine the efficacy of selectively inhibiting
HDACS6. Our previous work using NZB/W mice demon-
strated that HDAC6 inhibition has beneficial effects in
lupus nephritis [15,16]. However, there are two major dif-
ferences between our current study and previous studies of
HDACS6 inhibition in NZB/W mice. First, in our previous
studies we examined the changes of established lupus
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Fig. 4. Histone deacetylase (HDA)C6 inhibition decreases B cell responses. (a) Representative flow cytometry plots for plasma cells and

plasmablasts in the bone marrow. (c,d) Graphical representation of the relative percentage and absolute cell count of plasma cells and

plasmablasts in the bone marrow. (b) Representative flow cytometry plots of B cells of germinal centre in the spleen. (e) Graphical representation

of relative percentage and absolute cell numbers of B cells of germinal centre in the spleen. Representative flow cytometry plots are shown.

*P < 0-05; ***P < 0-001; one-way analysis of variance (anova); n > 4. [Colour figure can be viewed at wileyonlinelibrary.com]

nephritis symptoms at the late stage influenced by continu-
ous HDACS6 inhibition starting from the early pre-disease
stage until the end-point of the late stage. Although in
these studies we demonstrated the beneficial effects of the
HDACS6 inhibitor on lupus nephritis, it was not known
whether HDACS6 inhibition disrupted the priming of autor-
eactive B cell responses at the early stage or simply sup-
pressed the induced inflammation in the kidney at the later
effector stage. To answer this question further, our current
study focused on the effects of HDAC6 inhibition to the
priming of autoimmune responses at the early stage. We
found that the beneficial effects of HDAC6 inhibition
started early before the onset of lupus nephritis symptoms.
Secondly, the immune mechanisms we investigated behind
HDACS6 inhibition are different between our previous stud-
ies and the current study. In previous studies, we focused
mainly on the changes of B cell and T cell development
from precursors to immature naive cells to mature naive
cells and the changes of different subpopulations of B cells
in the spleen. However, in the current study, we moved for-
ward to examine mainly not only the adaptive immune
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factors, but also the innate immune factors critical for the
priming of autoimmune responses. In our current studies,
we show that an orally active selective HDAC6 inhibitor
can decrease disease in a murine model of SLE with early
established disease. Inhibition of HDACS6 in early disease
led to a reduction of BM plasmablasts as well as plasma
cells, which are considered to be the producers of patho-
genic antibodies in SLE. Additionally, we saw a dose-
dependent decrease in splenic GC B cells which was not
observed in previous studies. Also, a decrease in IgG depo-
sition and glomerular pathology scores in the kidney was
consistent with the effect of long-term HDACS6 inhibition
until late stage of LN in previous studies. These results sug-
gest that HDACG6 inhibition to decrease LN starts early at
the priming stage of humoral autoimmune responses.
Moreover, the short-term HDACS6 inhibition ended at the
early stage of LN, resulting in reduced IFN-a-producing
Thl cells and T follicular helper cells. However, there was
no change of Th17 cells, which have been shown in previ-
ous studies to reduce with long-term HDAC6 inhibition
until the late stage of LN. These different influences of

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 191: 19-31


http://wileyonlinelibrary.com

HDACS6 inhibition decreases lupus nephritis

(a) SP _ 0 ) 50 200
15+ | ‘ ' i
- ] Th | ] T | Tfh
% ] 10-4 ] 5-94 ] 5-96
o 104 1 4 3
4l ya
= .
s s -~ =
E 1 @ | i
0- T T 1 DAL SRR Ranl L Se s AEil Bmmmnans AAl i LA ARRT  Ran Ll Bt RALL Sy AL 1 LAl SRR ARl LA e ALl memn e AR
° & 'PQ > CXCR5
(b) sP E K j
o b= 1
2 % IL-10+ ] ] IL-10+
o r 4 4.56 4 4 1.28
8 : : I
£ 4 %
= 1
+ = 4 1 1
e — i
A = = i i 3
[=] 1 1 1
o : :
u_ v 7 T T ¥ T L) L] L] T \I FSCI-H ¥
ke & @“ Th cell gate
(c) sp i == I e
a2 8 - i
) | IFNg+ IFNg+ IFNg+
8 6 | 5.78 ] 3-66 ] 3.62
= i i |
= -1 o ] ]
5 1 ] 1
=z
o 4 T T T
Zz 4 4
™ i 3 i
+ 2 k| 3 1
3
0- T T e e el e I o o el S
° ® & >» FSC-H

Fig. 5. Histone deacetylase (HDA)C6 inhibition reduces pathogenic T cell responses. (a) Graphical representation and histogram of the percentage
of follicular T cells in total T helper cells in the spleen in New Zealand Black/White (NZB/W) mice treated with different doses of ACY-783. (b)
Graphical representation and histogram of the percentage of interleukin (IL)-10-secreting cells in total CD4™ T helper cells in the spleen of NZB/W

mice treated with different doses of ACY-783. (c) Graphical representation and histogram showing percentage of interferon (IFN)-y-secreting cells in
total CD4™ T helper cells in the spleen of NZB/W mice treated with different doses of ACY-783. *P < 0-05; **P < 0-01; one-way analysis of
variance (ANOVA). Representative images are shown; n = 4. [Colour figure can be viewed at wileyonlinelibrary.com]

HDACES inhibition on different effector T cell subtypes at
different stages of LN may reflect the stepwise pathogenic
functions of various T cells with Th1 and T follicular helper
cells critical at the early stage to induce pathogenic auto-
IgG2 antibodies and Th17 cells important at the late stage
to promote the inflammation in the nephritic kidney.
There have been other studies published on the use of
non-selective (pan-HDAC) inhibitors, including the com-
pound romidepsin, which was found to reduce B cell sur-
vival, leaving proliferation and differentiation intact.
Interestingly, different pan-HDAC inhibitors have shown
various results with regard to targeting B cells and/or T
cells. This was evident in the studies comparing the pan-
HDAC inhibitor panobinostat and vorinostat, which
altered B cell function in multiple myeloma and T cell

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 191: 19-31

function in cutaneous T cell lymphoma, respectively
[33,34]. Also of interest, the action of panobinostat on B
cells occurred at low concentrations (in the nanomolar
range), whereas at elevated concentrations effects on T cell
function were observed [35]. In our prior studies we
showed the pan-HDAC inhibitor vorinostat (also known as
suberanilohydroxamic acid) could decrease disease in lupus
mice through targeting T cells, although it had some toxic-
ity at elevated concentrations when administered long-
term to lupus mice [36,37].

There have been many different ways to approach treating
disease pathogenesis in lupus, including targeting B cells, T
cells, plasma cells or cells of the innate immune system. In
support of specifically target B cells in SLE, the B cell-
depleting antibody rituximab (anti-CD20) has been used
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therapeutically to dampen the antibody response and reduce
autoimmunity [38]. However, clinical trials were somewhat
disappointing, possibly because rituximab was not very effec-
tive at targeting plasma cells that are CD20-negative. The
studies using panobinostat showed efficacy in targeting all B
cells, including plasma cells [35], which may be a better ther-
apeutic target. Although these results are promising, the
rationale for more selective HDAC inhibition remains para-
mount as we seek to understand their precise mechanism. In
our studies, we saw a decrease in plasma cell differentiation
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along with a decrease in IFN-a production, suggesting that
HDACE6i inhibition may be an effective treatment in the early
stages of SLE. We did not observe any alterations in weight
with the treatment between the treated and untreated groups.
As we continue to investigate the therapeutic efficacy of long-
term HDACS6 inhibition in SLE it will be imperative that, by
decreasing renal disease, we increase the life span of animals
with this therapy. Future studies are currently being planned.
In addition, whether HDACG6 inhibition will be a first-line
defence to treat lupus nephritis still needs further animal

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 191: 19-31
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models, preclinical and even clinical studies. For current clin-
ical relevance, it is indeed more important to investigate the
effects of the later intervention by HDAC6 inhibition starting
after disease onset, which we have not yet performed, but is
worth conducting in future studies. However, with the
improvement of early disease biomarker studies, one of the
future directions in lupus treatment should be early diagnosis
and early prevention of symptom onset. From our previous
and current studies, HDAC6 inhibition has the ability to sup-
press autoimmune responses early and sustains this ability to
ameliorate the symptoms at later stages of lupus nephritis,
which provides a potential early intervention strategy for
lupus nephritis along with the development of early diagnosis
in the future.

As non-selective blockade of classes 1 and II HDACs
does not allow elucidation of their mechanism in renal
damage, more studies using selective HDACs are war-
ranted. HDAC6 is a class IIb HDAC that localizes within
the cytoplasm due to its inclusion of both a nuclear export
signal and Ser-Glu-containing tetrapeptide domain
[39,40]. HDAC6 affects multiple cellular functions in the
cytoplasm, including cell signalling, activation, survival,
motility and protein degradation [41], all of which can
contribute to inflammation and immunity. One rationale
for targeting HDACS is that knock-out mice exhibit a via-
ble phenotype, develop normally and have no life-limiting
defects. This is not necessarily true for all HDACs, as sev-
eral other HDAC knock-out murine models show either
embryonic lethality or severe developmental defects. Inter-
estingly, lymphocyte development and numbers in these
mice are normal, although there is a mild decrease in the
immune response after antigenic stimulation [42]. With
regard to SLE, we have previously observed increased
expression and activity of HDAC6 within B cells, T cells
and glomerular cells of diseased lupus-prone mice [17].

We have found previously that ACY-783 decreased the
activation of nuclear factor kappa B (NF-kB) in kidney
mesangial cells although there may be additional targets in
the renal tissue that are affected by HDAC6 inhibition [15].
In our current studies, we found that that the selective
HDACS inhibitor ACY-738 decreased the percentage of BM
pDCs dose dependently. It did not affect the viability of the
cultured BM pDCs up to 1 puM, but did decrease signifi-
cantly the production of IFN-a in the nanomolar range.
This indicates that ACY-738 could exert therapeutic effects
with no apparent toxicity. The ability of the HDAC6 inhibi-
tor to inhibit IFN-a production was confirmed using
siRNA to HDACS6. These results are significant, as several
studies have shown that IFN-« facilitates the maturation of
myeloid DC and contributes to T cell activation and follic-
ular Th cell differentiation [43—45]. IFN-« also has the
ability to stimulate CD4 T cells directly and enhance
antigen-specific B cell activation [46,47]. Of note, in our
studies IFN-a has been shown to increase Toll-like receptor
(TLR)-7 expression in B cells, and promotes B cell

HDACS6 inhibition decreases lupus nephritis

proliferation and differentiation into early plasmablasts
which we were able to abrogate through HDAC6 inhibi-
tion. It has also been reported by Mathian and co-workers
[48] that IFN-« is critical for GC formation in NZB/W
mice and for inducing pathogenic IgG2a autoantibodies. In
our studies we noted that, with ACY-738, both GC forma-
tion as well as 1gG2a antibody formation were decreased.
We are not sure in this study whether HDAC6 inhibition
has direct effects on autoreactive B and T cell responses or
only indirect effects through down-regulating IFN-a. As
one of our previous studies showed that B cells and T cells
in another lupus model, Murphy-Roths large lupus-prone
mice (MRL/lpr) mice, expressed HDACS6, even at signifi-
cantly higher levels compared to those in non-lupus mice
[17], we speculate that HDAC6 inhibition should have
both direct and indirect effects on the alteration of B and T
cell responses. To demonstrate this hypothesis, we will cre-
ate NZB/W mice with pDC-, T cell- and B cell-specific
HDACS6 depletion, respectively, in future studies.

With regard to the decrease in glomerulonenephritis
seen in our studies, there is emerging evidence that HDACs
may play a role in renal fibrogenesis [49]. The mechanisms
by which HDACs mediate renal damage remain elusive,
but may be associated with regulating the expression of
inflammatory and profibrotic genes and activation of cell
signalling pathways that mediate renal fibrosis [50]. In
another model of renal damage, Pang ef al. [51] demon-
strated that treatment with trichostatin A (TSA), a pan-
HDAC inhibitor that can block both class I and class II
HDAG:S, can attenuate renal fibrosis in a murine model of
unilateral ureteral obstruction. In our prior studies we
found TSA to exert protective effects in both the NZB/W
and MRL/Ipr animal models [36,52]. In a recent paper by
Manson et al. [53], they demonstrated that TSA treatment
induced BM P-7 expression, which is important as an anti-
fibrotic molecule. Furthermore, Marumo et al. [54] and
Liu et al. [50] showed that HDAC inhibition alleviates renal
fibrosis through suppression of inflammatory responses in
the injured kidney.

In summary, we found that we could inhibit HDAC6
using an orally active compound, and that this leads to
decreased IFN-a production and the inhibition of BM
plasmablasts as well as plasma cells. Additionally, the
decrease in IFN-a resulted in reduced GC formation and
decreased pathogenic 1gG2a antibody production. These
coupled with improved renal scores and decreased protei-
nuria suggest that HDAC6 inhibition may be therapeuti-
cally beneficial for the treatment of SLE.
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Fig. S1. (a) The percentage of activated plasmacytoid
dendritic cells (pDCs) [major histocompatibility complex
class I (MHC-II)]* pDCs in the bone marrow. (b) The
absolute cell counts of pDCs in the bone marrow.
*P < 0-05 **P < 0-01; one-way analysis of variance
(ANOVA); n = 8.

Fig. S2. (a) Spleen weight. (b) The percentage of interleu-
kin (IL)-4 secreting cells in total CD4" T helper cells in
the spleen. (c) The percentage of interferon (IFN)-y-
secreting cells in total CD8™ T helper cells in the spleen.
*P < 0-05, **P < 0-01; one-way analysis of variance
(ANOVA); 1 > 4.

Fig. S3. (a) The amount of total immunoglobulin (Ig)G
and IgG2a in the serum. (b) The optical density (OD)
(450 nm) value of anti-dsDNA IgG and anti-dsDNA
IgG2a in the serum. *P < 0-05; **P < 0-01; one-way
analysis of variance (ANOVA); n = 4.
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