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Nicole L. Regna 

 

Abstract 

 

Systemic lupus erythematosus (SLE) is a prototypic autoimmune disease requiring a 

genetic predisposition coupled with an environmental trigger in order for initiation of disease. 

While the exact pathoaetiology has yet to be determined, both B and T cell dysregulation are 

thought to contribute to disease. Histone deacetylases (HDACs) are a class of enzymes that 

hydrolyze the lysine bound acetyl group in both histone and non-histone proteins thereby altering 

protein structure and function. While the use of pan-HDAC inhibitors has proven to be effective 

for the treatment of a number of acute diseases, they may not be viable as therapeutics for 

chronic disease due to cytotoxicity and adverse side effects following long term treatment. We 

sought to determine whether treatment with a class I and II HDAC inhibitor (HDACi) or a 

specific HDAC6i would be able to ameliorate disease in lupus-prone NZB/W mice. We found 

that both the class I and II HDACi (ITF2357) and the HDAC6i (ACY-738) were able to decrease 

SLE markers of disease including splenomegaly, proteinuria, and anti-dsDNA and IgG 

production in the sera. Treatment with ITF2357 resulted in an increase in the number of 

immunosuppressive regulatory T (Treg) cells and a decrease in the pro-inflammatory Th17 

phenotype. Furthermore, ITF2357 was found to increase Foxp3 acetylation leading to increased 

Foxp3 stability allowing for differentiation into the Treg phenotype. ACY-738 treatment was able 

to correct aberrant bone marrow B cell differentiation while also increasing the number of 

splenic Treg cells in NZB/W mice. These results suggest that HDAC inhibition is able to 

ameliorate SLE in NZB/W mice by altering aberrant T and B cell differentiation. Additional 

studies were performed to further examine the expression and function of different HDAC 
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isoforms in immune cells.  Due to the ability of HDAC inhibition to decrease markers of SLE 

disease as well as alter B and T cell development and differentiation, we sought to determine if 

specific HDAC isoforms are altered in lupus vs non lupus mice in early and late disease states. 

We determined the level of class IIb HDAC (HDACs 6, 9, and 10) expression in bone marrow B 

cells, splenic B and T cells, and glomerular cells from early- and late-disease MRL/lpr lupus-

prone mice compared to healthy, age-matched C57BL/6 control mice. Expression of HDAC6 

and HDAC9 were significantly increased in all of the tissues tested from MRL/lpr mice. 

Furthermore, both cytoplasmic and nuclear HDAC activity was increased in diseased MRL/lpr 

mice, and HDAC activity and expression continued to increase as disease progressed. In vitro 

treatment with ACY-738, a selective HDAC6i, was able to decrease cytoplasmic HDAC activity 

and inhibit iNOS production. Furthermore, ACY-738 was able to alter apoptosis through 

increased Bax expression in B cells. Treatment with ACY-738 was also able to inhibit Hsp90 

expression and decrease NF-κB nuclear translocation, which are both upregulated during active 

SLE. Our studies indicate that HDAC activity contributes to SLE pathogenesis and that the use 

of isoform-selective HDAC inhibitors may be a viable treatment for SLE.
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1.2. Abstract 

Abstract 

 Histone deacetylases are a class of enzymes that play an important role in protein 

modification and cellular function. Ongoing research suggests that HDAC inhibitors may be 

efficacious in the treatment of a wide range of diseases from cancer to autoimmune disease. 

HDACi therapy has shown promising results both in vitro and in vivo for the treatment of 

autoimmune disease. To date, 18 isoforms of HDACs have been identified, which exist in four 

different classes: class I (HDAC1, 2, 3, and 8), class II (HDAC4, 5, 6, 7, 9, and 10) class III 

(sirtuins1-7), and class IV (HDAC11).  The mechanism of action through which HDACs 

function remains to be fully elucidated. However, the use of isoform-selective HDAC inhibitors 

has been helpful in determining the physiological role of individual HDACs as well as in 

decreasing the toxicity of HDACi therapy. This review will focus on isoform-selective HDACs 

and how they may be effective for the treatment of autoimmune disease. 
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1.3 Introduction 

Regulation of the immune system is dependent upon both genetic and epigenetic factors. 

Epigenetics control gene packaging and expression through heritable and stable changes without 

altering the DNA sequence [1, 2]. These changes can be reversible dependent upon 

environmental factors and thus may provide the link between the environment and genetics that 

result in autoimmune disease [1]. Epigenetic changes in cellular function include changes in 

DNA methylation, microRNA (miRNA), and protein acetylation [3]. Proper cellular function 

requires acetylation of both histone and nonhistone proteins [4]. Abnormal histone acetyl 

transferase (HAT) and histone deacetylase (HDAC) expression and activity has been associated 

with a number of autoimmune and inflammatory diseases and may therefore be a potential target 

to therapeutically modulate disease [5-12].  

HATs add an acetyl group to histone proteins allowing for transcriptional activities. 

Conversely, histone deacetylases (HDACs) are a group of enzymes that catalyze the removal of 

acetyl groups from lysine residues on histones thereby restricting chromatin availability for gene 

transcription [13, 14]. Traditionally, HDACs were thought to function solely through epigenetic 

regulation of histone proteins; however, HDACs have more recently been shown to regulate 

acetylation of over 50 nonhistone proteins and may be more accurately described as lysine 

deacetylases (KDACs) [15, 16]. Of particular interest is the ability of HDACs to regulate 

transcription factors, signaling molecules, and structural proteins thereby exhibiting an 

immunomodulatory effect [17].   

HDACs have been implicated in immune cell regulation and may therefore be efficacious 

in the treatment of autoimmune disease [18, 19]. Due to the large number of HDACs that are 

targeted, pan-HDAC inhibitors have been associated with deleterious side effects during clinical 
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trials including fatigue, nausea, thrombocytopenia, and electrocardiograph abnormalities [20, 

21]. For this reason, a more targeted approach is warranted if HDAC inhibitors are to be used in 

the treatment of autoimmune disease. This review will discuss the potential use of isoform-

selective HDAC inhibitors as therapeutics for autoimmune disease. Isoform-selective HDAC 

inhibitors may allow researchers to determine not only the biological functions of particular 

HDACs, but also provide a more specific target for potential therapeutics without adversely 

affecting normal physiological functions. 

 

1.4. HDACs and autoimmunity 

There are 18 known mammalian HDACs, which are grouped into classes I-IV. The 

classical HDACs consist of HDACs 1-11, which are grouped into classes I, II, and IV [22]. Class 

III HDACs are comprised of 7 members called seven mammalian silent information regulator 

two proteins (sirtuins or Sirt) which differ from classical HDACs in that they require NAD
+
 as a 

cofactor and are not dependent upon Zn
2+

 as a catalytic mechanism [23, 24]. HDACs are found 

in both the nucleus and cytoplasm, with some shuttling between the two and others confined to a 

specific compartment [25]. 

A nuclear localization signal (NLS) allows HDACs to localize within the nucleus and 

therefore exert their function on nuclear proteins. HDAC1 and 2 lack a nuclear export signal 

(NES) and are unable to leave the nucleus [22]. HDAC3 has both a NLS and a NES; however, it 

is almost always found within the nucleus [22, 26]. Conversely, class II HDACs, particularly 

HDACs 4, 5, 7, 9, and 10, are known to travel back in forth between the nucleus and the 

cytoplasm and are thought to play an important role in the function of both nuclear and 

cytoplasmic proteins [22]. HDAC6 is predominantly found within the cytoplasm and mainly 
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influences cytosolic proteins [27]. Similarly to class II HDACs, HDAC11 (class IV), can be 

found in both the nucleus and the cytoplasm and has been demonstrated to colocalize with 

HDAC6 in the cytoplasm [28]. Due to the specificity of HDACs, selective therapeutic targeting 

may allow for modulation of specific histones or other non-nuclear proteins. 

Autoimmunity is characterized by an abnormal immune response during which the body 

perceives a normal substance as foreign leading to autoantibody production and inflammation 

[29]. Studies of monozygotic twins discordant for systemic lupus erythematosus (SLE), 

rheumatoid arthritis (RA), and dermatomyositis; suggest a role of non-genetic factors in disease 

pathogenesis [30, 31]. HDAC inhibitors have been shown to modulate a number of key 

regulators of the immune system including B cells, T cells, and APCs [5, 32-36]. During 

autoimmune disease it is thought that HDAC activity is upregulated leading to increased nuclear 

translocation and binding of the transcription factors, particularly STAT3 and NF-κB, which 

promote gene expression of pro-inflammatory genes [37]. HDAC inhibitors have proven to have 

an anti-inflammatory effect, which may be helpful in the treatment of autoimmune disease 

during which prolonged inflammation results in tissue destruction and organ failure [36, 38]. 

Due to the anti-proliferative effect that HDAC inhibitors exhibit; they may be effective 

agents of immunosuppression for the treatment of autoimmune disease. Treatment with pan-

HDAC inhibitors including ITF2357, SAHA, and TsA have shown efficacy in treating 

autoimmune diseases including SLE, RA, and inflammatory bowel disease (IBD) in murine 

models [34, 36, 39-43]. We have shown that treatment with ITF2357 is able to reduce disease in 

lupus-prone mice while increasing the number of Treg cells and decreasing the number of CD4
+
 T 

cells [34]. SLE is thought to involve aberrant B and T cell regulation [6, 44-47]. Studies showing 
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the regulatory effect of HDAC inhibitors on both B and T cell populations make selective 

HDACi therapy of particular interest in the treatment of SLE ([34, 40, 48]. 

Selective HDAC inhibitors are able to provide a more targeted approach to treating 

autoimmune disease and reduce the risk of complications from unwanted side effects. Pan-

HDAC and class I-selective inhibitors, currently undergoing clinical trials, alter physiological 

functions that require protein deacetylation [20, 49]. There are currently two HDAC inhibitors, 

SAHA (pan-HDACi) and FK228 (selective-class I HDACi), approved by the FDA for the 

treatment of cutaneous T cell lymphoma (CTCL). Both of these drugs have also been tested for 

their efficacy in the treatment of autoimmune diseases. SAHA has shown efficacy in the 

treatment of lupus-prone mice; however, long term treatment resulted in unwanted side effects 

including possible drug toxicity [41]. SLE is a chronic disease requiring long-term treatment and 

these results indicate that inhibition of class I and II HDACs by a pan-HDACi may not be 

optimal [41]. 

 Currently undergoing phase III clinical trials are panobinostat (LBH589) and Valproic 

acid (VPA) [50, 51]. LBH589 is being tested for its use as a CTCL therapeutic and a number of 

other cancers [50]. VPA is currently in phase III clinical trials for the treatment of cervical and 

ovarian cancer, but it has recently shown therapeutic potential in the treatment of autoimmune 

disease [51, 52]. HDAC inhibitors currently undergoing phase II clinical trials include 

Mocetinostat (MGCD0103), Entinostat (MS-275), Belinostat (PXD101), and Givinostat 

(ITF2357) for the treatment of various cancers [53]. CUDC-101, ACY-1215, CHR-2845, and 

CG200745 have begun phase I clinical trials for the treatments of cancer [54, 55]. Dokamanovic 

et. al provide a more extensive review of specific HDAC inhibitors currently undergoing clinical 

trials [15]. 
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Due to the ubiquitous nature of HDACs, not only are the cellular pathways involved with 

autoimmunity affected, but HDAC inhibition also disrupts the pathways involved with normal 

cellular function [24]. Furthermore, pan-HDAC inhibitors can be cytotoxic, and it may prove 

important in clinical treatment for HDAC inhibition to be more selective [56]. The mechanisms 

through which HDAC inhibitors regulate the immune response are not fully understood. 

Currently ongoing studies of HDAC inhibitors both in vivo and in vitro are working to determine 

the mechanism of both pan-and isoform-selective HDAC inhibitors.  

 

1.5. Selective Class I Inhibitors 

Class I HDACs (HDACs 1, 2, 3, and 8) play an important role in cell survival and 

proliferation [57]. While insight has been gained about the function of HDACs through various 

knockout mouse studies, gene deletion of HDACs 1, 2, and 3, has proven to be embryonic lethal 

in mice [24]. HDAC1 has been demonstrated to be overexpressed in SLE, RA, multiple sclerosis 

(MS), and juvenile idiopathic arthritis (JIA) [5]. Furthermore, HDAC3 and HDAC7 have also 

been shown to play a role in immune regulation during SLE, suggesting the potential importance 

of targeting these HDACs for treatment of disease [5].  

In regard to class I HDACs it is interesting to note that HDAC2 is able to regulate the 

binding ability of p53, which controls transcription. HDAC2 has been shown to increase p53 

binding activity and consequently increase cellular proliferation [58]. HDAC2 was demonstrated 

to be involved with an anti-apoptotic function following HDAC2 knockdown in cancer cells 

[59]. Furthermore, p53 activation has been linked to inhibition of autoimmune disease. Studies 

suggest that p53 expression is able to induce Treg differentiation leading to suppression of the 

autoimmune response [60]. P53 activation is further thought to inhibit autoimmune disease 
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through downregulation of STAT1 resulting in decreased proinflammatory cytokine production 

[61]. Autoimmune diseases have been shown to be more severe on a p53-deficient background in 

mice [60, 62]. The studies explain why targeting HDAC2 may be a viable approach for treating 

autoimmune diseases such as lupus in which Treg cell function may be important to modulate the 

immune response. 

MS-275 is a benzamide-derived selective class I inhibitor currently undergoing Phase I-II 

clinical trials that has shown promising anti-rheumatic activities including prevention of bone 

erosion and delayed onset of collagen-induced arthritis (CIA) [24, 63]. Studies have 

demonstrated MS-275 treatment suppressed LPS-induced pro-inflammatory cytokine production 

in monocytic cells. Treatment led to phase arrest at G0/G1 without increasing apoptosis [64]. 

Treatment with MS-275 after the onset of arthritis in rodents has been demonstrated to halt 

disease progression suggesting its potential as a therapeutic. Furthermore, MS-275 may have 

potential as a therapeutic in the treatment of other inflammatory autoimmune diseases based off 

of its anti-inflammatory effect in vitro and in the CIA induced mouse model [63, 64]. Following 

treatment with MS-275, E11 cells and monocytic cells had decreased LPS-induced NF-κB 

nuclear translocation, decreased production of  IL-6, IL-18, NO, VEGF, MMP-2, and MMP-9 

[64]. Furthermore, MS-275 has been shown to decrease sera production of pro-inflammatory 

cytokines IL-6 and IL-1β, which are overproduced during a number of autoimmune diseases 

including RA, SLE, autoimmune encephalomyelitis, and IBD [65-71].  

The exact mechanism through which MS-275 treatment results in anti-rheumatic and 

anti-inflammatory effects remains to be elucidated. One proposed mechanism suggests MS-275 

increases the stability of histone acetylation associated with the c-Fos promoter which plays an 

important role in cellular functions including proliferation, differentiation and survival [72]. MS-
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275 has been shown to increase acetylation of NF-κB p65 leading to decreased nuclear 

translocation and inhibition of gene transcription [64]. NF-κB activation and nuclear 

translocation is required for c-Fos expression [72]. These studies suggest that inhibition of NF-

κB nuclear accumulation by MS-275 treatment, results in decreased cellular proliferation of 

osteoclasts induced by c-Fos expression [72, 73]. Furthermore, MS-275 has been shown to 

decrease the chaperone activity of Hsp90 [74]. The ability of MS-275 to inhibit Hsp90 is of 

particular interest in the treatment of SLE, which has been found to have elevated hsp90 sera 

levels [75]. Furthermore, use of an Hsp90 inhibitor in lupus-prone mice has shown therapeutic 

potential [76]. 

VPA is a selective class I HDACi, effective against HDACs 1-5 and HDAC 7 that has 

been used as a treatment for seizures and mental disorders [77]. More recently VPA has been 

tested for its efficacy in the treatment of autoimmune disease using the Fas-deficient MRL/MPJ-

Fas
lpr

/J (MRL/lpr
-/-

) mouse model. MRL/lpr
-/-

 mice injected intraperitoneally with 500 mg/kg 

VPA for 8 weeks had decreased lymphoid organ weight and cellularity, decreased DN T cells in 

the spleen, lymph nodes, and blood, and a reduced number of WBCs, particularly lymphocytes, 

in the peripheral blood compared to vehicle-treated control mice. VPA treatment was found to 

induce caspase- dependent and independent apoptosis in PBMCs in vitro [52]. Furthermore, 

treatment of glomerulosclerosis in the adriamycin nephropathy mouse model with VPA reduced 

proteinuria in early phase renal disease [78]. VPA has been demonstrated to inhibit TNF-α, NF-

κB, and IL-6 pathways, which have been shown to be dysregulated during many autoimmune 

diseases [78]. The mechanism of action for VPA in the treatment of autoimmune diseases has yet 

to be identified. However, treatment of ADR nephropathy with VPA was found to increase 

glomerular H3K9 acetylation and decrease glomerular apoptosis [78].  
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MGCD0103 is a selective class I HDAC (HDACs 1, 2, and 3) inhibitor that has also 

shown selectivity for HDAC11 and is currently undergoing phase I/II clinical trials [79]. 

MGCD0103 has been demonstrated to have antiproliferative activity in Hodgkin lymphoma cell 

lines and B-cell chronic lymphocytic leukemia [79-81]. Previous studies indicate that 

MGCD10103 increases caspase-dependent apoptosis while inhibiting autophagy through the 

activation of the PI3K/AKT/mTOR pathway [81, 82]. Furthermore, MGD10103 increased NF-

κB activation and resulted in increased TNF-α expression and production [80]. For these reasons, 

MGCD0103 may not be optimal for treatment for autoimmune diseases, including SLE and RA, 

which are characterized by increased PI3K/AKT/mTOR signaling and NF-κB activation [83-85].  

Selective HDAC3 inhibition has also been explored for its use in treating inflammatory 

autoimmune disease. HDAC3 expression has been shown to be elevated in PBMCs from MS 

patients when compared to healthy controls [86]. MI192 is a selective HDAC3i that has been 

shown to regulate cytokine production from PBMCs. IL-6 production by PBMCs was decreased 

in a dose-dependent manner following treatment with MI192; however, the mechanism remains 

to be elucidated [87]. Studies indicate that overexpression of HDAC3 causes apoptotic-resistant 

autoreactive lymphocytes that contribute to autoimmune disease [86]. These data suggest that 

HDAC3 inhibition may be beneficial in the treatment of autoimmunity. 

Romidepsin (Depsipeptide, FK288) is a selective HDACi of HDACs 1, 2, 3, and 4 

currently undergoing clinical trials for the treatment of T cell lymphoma [88]. Treatment of 

autoantibody-mediated arthritis (AMA) mice with FK228 reduced inflammation, joint swelling, 

and bone destruction. Pro-inflammatory cytokines IL-1β and TNF-α were reduced following 

treatment with FK228 [89]. TNF-α is known to play an important role in the pathogenesis of a 

number of autoimmune diseases including SLE, RA, and Crohn’s disease and anti-TNF-α 
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therapies have proven to be an effective clinical treatment for people with these diseases [38, 90-

93]. The molecular mechanism through which FK288 reduces inflammation has yet to be 

determined.  

 

1.6. Class IIa HDAC inhibitors 

Class II HDACS are not as ubiquitous as class I, but they are still thought to be essential 

for regulatory functions of the cell. Class IIa HDACs include HDACs 4, 5, 7, and 9 [24]. 

Expression of class IIa HDACs is thought to be more tissue specific with increased expression in 

the brain, muscle, and T lymphocytes [94]. While deletion of HDAC7 is embryonic lethal in 

mice, deletion of HDACs 4, 5, and 9 produce viable mice, but with defects in cellular 

hypertrophy, stress response, cardiovascular function, and bone development [24]. Studies 

suggest a role for class IIa HDACs (HDAC4, 5, and 7) in pro-inflammatory gene expression 

[95]. Given the pro-inflammatory environment associated with many autoimmune diseases, class 

IIa HDACs could serve as promising targets for autoimmune therapies. While class IIa HDACs 

are able to move back and forth between the nucleus and the cytoplasm, they are currently 

thought to have limited deacetylase function; rather functioning through the recruitment of 

HDAC3 [56, 96].  

HDAC9 has been found to be overexpressed in T cells from lupus patients and SLE 

murine models. HDAC9 deficient MRL/lpr mice had prolonged survival and decreased 

lymphproliferation, autoantibody production, inflammation, and kidney disease [97]. 

Furthermore, HDAC9 deficient mice have decreased colitis following dextran sodium sulfate 

(DSS) treatment compared to wild type (WT) mice [48].  HDAC9 deficiency increased site 

specific lysine histone acetylation of H3K9, H3K14, and H3K18 localized to IL-4, roquin, and 
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PPAR-γ, respectively in MRL/lpr mice [97]. These results indicate that inhibition of HDAC9 

may be able to decrease the inflammatory response through hyperacetylation and stabilization of 

IL-4 and PPAR-γ. 

Inhibition of HDAC9 has also been associated with an increased Treg suppressive 

function, and studies have shown that HDAC9 is exported from the nucleus upon Treg activation 

[12, 48]. These studies suggest that when located within the nucleus HDAC9 suppresses Foxp3 

function and HDAC9 nuclear exportation is required for an effective Treg response [12, 48]. 

SiRNA knockdown of HDAC9 in WT Tregs resulted in increased Foxp3 expression and enhanced 

Treg suppressive function in vitro. HDAC9 knockdown in Treg cells caused increased HSP70 

expression; however, when HDAC9
-/-

 Tregs were treated with triptolide (an HSP70 inhibitor) 

suppressive function was decreased to levels comparable by WT Tregs [48]. Similarly to HDAC9 

inhibition, knockdown of HDAC7 increased Treg suppressive ability [98]. These data suggest the 

potential of inhibiting HDACs 7 and 9 with isoform-selective inhibitors to decrease autoimmune 

disease. Tregs function to suppress the proliferation of immune cell subsets and regulate cytokine 

production and the response to self-Ags. Treg deficiency has been associated with a number of 

autoimmune diseases including SLE, MS, RA, and IBD [99-103]. Furthermore, deletion of Tregs 

in animals has been demonstrated to cause autoimmunity [104-107].  

 

1.7. Class IIb HDAC inhibitors 

Class IIb HDACs (HDAC6 and 10) are found in both the nucleus and the cytoplasm [24]. 

The role of HDAC10 has yet to be determined; however, HDAC6 has been shown to regulate 

acetylation of cytoplasmic and nuclear proteins as wells as deacetylase-independent functions. 

HDAC6 is thought to play an integral role in a number of cellular functions including regulation 
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of the cytoskeleton, cell migration, and degradation of misfolded proteins through deacetylation 

of α-tubulin, HSP90, and cortacin [108-110].  

During SLE, the number and function of Treg cells is diminished [111, 112]. Pan-HDAC 

inhibitors have been shown to increase the number and suppressive effects of Tregs, but treatment 

with class-I specific HDAC inhibitors, such as MS-275, have been unable to produce the same 

result suggesting a role of class II HDACs [12, 109]. Treatment with a specific HDAC6i leads to 

increased Treg function. Furthermore, Tregs from HDAC6 deficient mice have been demonstrated 

to have increased suppressive Treg function [109]. Treg cells from HDAC6
-/-

 mice had a Treg 

effector/memory phenotype with decreased expression of CD44 and CD62L, but increased 

expression of CD103 [109]. Regulatory effector-memory T cells (TREM) are Treg cells capable of 

activation, expansion, and memory that function to control the immune response in inflamed 

tissues [113]. Furthermore, Tregs isolated from HDAC6 deficient mice had increased function in 

vitro suppressive of CFSE-labeled WT conventional T (Tcon) cells [109]. Similarly, treatment 

with the HDAC6 specific inhibitors tubacin and tubastatin A, resulted in increased suppression 

of in vitro proliferation of Tcon cells by Treg cells. Although Tubastatin A and tubacin inhibit 

HDAC6, tubacin is more selective for HDAC6 and may have greater efficacy at lower doses 

[114]. 

Crohn’s diseases and ulcerative colitis are two forms of IBD and are modeled by the DSS 

model of colitis. Similarly to other autoimmune diseases, IBD requires a genetic susceptibility 

coupled with environmental factors leading to an inflammatory response [115]. Studies have 

demonstrated treatment with tubacin is able to prevent weight loss and diarrhea in the DSS 

model of colitis in a Treg dependent fashion [109]. 
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Another selective HDAC6i, ACY-738, has minimal reactivity against other class II 

HDACs and 100-fold less selectivity against class I HDACs [116]. ACY-738 was tested for its 

efficacy in the treatment of SLE in NZB/W mice. We found that HDAC6 inhibition with ACY-

738 was able to decrease a number of hallmarks of SLE disease including splenomegaly, 

immune complex-mediated glomerulonephritis, and sera anti-dsDNA levels. ACY-738 treatment 

altered BM B cell differentiation by increasing the percentage of cells in the late pro-B cell and 

early pre-B cell fractions while decreasing the accumulation of cells in the late pre-B fraction F. 

Furthermore, ACY-738 also increased the percentage of Treg cells with a concomitant decrease in 

SLE-associated markers of disease (unpublished data). Studies have shown that treatment with 

ACY-738 (1μM) increased the suppressive function of Tregs alone and in combination with a 

sirtuin1 inhibitor, Ex-527 [117]. 

 

1.8. Class IV HDAC inhibitors 

HDAC11 is the most recently identified member of HDAC proteins and is the sole 

member of class IV [24]. The role of HDAC11 in normal cell function still remains to be fully 

elucidated and no isoform-selective HDACi has yet been developed [118]. However, HDAC11 

has been identified as a potential molecular target for the treatment of autoimmune disease due to 

its role as a negative transcriptional regulator of IL10 [119]. Overexpression of HDAC11 in a 

mouse macrophage cell line prevented an increase in IL10 mRNA expression following LPS-

stimulation. Furthermore, knocking down HDAC11 using shRNA in human APCs resulted in an 

increase in expression of IL10 mRNA following immune stimulation. Given the role IL-10 plays 

in the induction of tolerance, these results suggest targeting HDAC11 in the treatment of 

autoimmune disease may be beneficial. IL-10 is an anti-inflammatory cytokine with wide-
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ranging effects from B cell stimulation to limiting the immune response and action of pro-

inflammatory cytokines. Dysregulation of IL-10 production contributes to an increased risk for 

autoimmune diseases including SLE, IBD, and allergic asthma [120]. Specifically during SLE, 

high sera levels of IL-10 correlate with disease activity [121]. 

HDAC11 has also been identified as a potential target for regulating APC- mediated 

immune activation. Primary mouse macrophages overexpressing HDAC11 showed enhanced 

production of IL-2 and IFN-γ following clonotypic T cell encounter. Conversely, clonotypic T 

cells that were introduced to APCs with knocked down HDAC11 had reduced IL-2 and IFN-γ 

production [119]. 

 

1.9. Summary 

Previous studies suggest a complex mechanism of action for HDAC inhibitors; the use of 

isoform-selective HDAC inhibitors will be helpful in determining the specific roles of individual 

HDACs. Questions remain about the long-term safety of HDAC inhibitor use for the treatment of 

chronic diseases. The identification of aberrant HDAC specific isoforms to each autoimmune 

disease may be important in reducing toxicity.  Isoform-selective HDAC inhibition has the 

potential to correct aberrant immune regulation by altering the function of components of the 

inflammatory cascades without the deleterious side effects associated with traditional pan-HDAC 

inhibitors (Table 1).  
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Table I.  Isoform-Selective HDAC Inhibitors and Immune Regulation   

Compound Isoform-
Specificity 

Protein/enzyme/
gene 

Cellular response Disease Reference 

MS-275 HDACs 
1,2,3,9 

↑Foxp3 
↓nuclear NFκB 
p65, VEGF  

↑IL-10 
↓IL-1β, IFN-γ, IL-
17, IL-18, TNF-α, 
IL-18, NO 

RA [64, 122]  

MI192 HDAC3 ND ↓TNF, IL-6, IFN-γ RA [87] 

MGCD0103 HDACs 
1,2,3,11 

Jak/STAT 
↑NF-κB 
activation, 
TNFSF4, TNFSF9, 
TNF 
↓TNFRSF8  

↑TNF-α ND [79, 80] 

Valproic acid HDACs 
1,2,3,8 

PI3K/Akt,mTOR, 
NF-κB 

↓TNF-α ALPS, SLE, IBD [52, 78] 

FK228 HDACs 
1,2,3,4 

ND ↓IL-1β, TNF-α AMA, RA, 
diabetes 

[20, 88, 89] 

ACY-738 HDAC6 Foxp3 ↑TGF-β 
↓IL-1β 

SLE [117] 
Unpublished 
data 

Tubacin HDAC6 α-tubulin, HSp90 
Foxp3 
↑CTLA-4, PD-1, 
GITR 

↓IL-2, IFN-γ 
↑IL-10 

RA, IBD [109, 123] 

Tubastatin A HDAC6 α-tubulin, Foxp3 ↓TNF-α, IL-6 RA, IBD [114, 124] 
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2.2. 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 to 

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 that NZB/W mice 

treated with the 10 mg/kgof 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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2.3. 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, 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 weeks-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].  
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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 
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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].  

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 
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treatment [44] and is in a phase II clinical trial for children with active systemic onset juvenile 

idiopathic arthritis [45]. 
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2.4. Materials and Methods 

2.4.1. 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).   

 

2.4.2. 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. 

 

2.4.3. Meausurement 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, 
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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 x 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. 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.   

 

2.4.4. 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.  

 

2.4.5. Immunofluoresence staining 
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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. 

 

2.4.6. 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.   

 

 

2.4.7. 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 x 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 
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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).  

 

2.4.8. 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 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. 

 

2.4.9. 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 
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Scientific, Waltham, MA, USA).  An aliquot was taken and diluted to 1 ng/µL for real-time RT-

PCR.  The eluted RNA was stored at -80°C. 

 

2.4.10. 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. 

 

2.4.11. 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. 

 

2.4.12. 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 
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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 x 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. 

 

2.4.13. Statistical analysis 

Statistical analysis was performed using Student’s unpaired t-test (two-tailed).  P values 

less than 0.05 were considered statistically significant. 
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2.5. Results 

2.5.1. 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). 

 

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 5 5 

ITF2357 (5mg/kg) NZW 5 5 

ITF2357 (10mg/kg) NZW 5 5 

DMSO (control) NZB/W 10 5 

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

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

 

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

levels. 
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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).  
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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). 

 

2.5.3. 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-of-

age 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 
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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). 

Figure 3. Cytokine production in lupus-prone mice was assessed. (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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2.5.4. 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). 

  

 

 

 

 

 

 

 

 

 

 

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 
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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). 

 

2.5.5. 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).   
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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).  

2.5.6. 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 
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in NZB/W mice. However, HDAC inhibition had no effect on the percentage of Foxp3
-
CD25

+ 
T 

cells in NZW mice. 

 

 

 

 

 

 

 

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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2.5.7. 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). 

 

 

 

 

 

 

 

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).  

2.5.8. 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-
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treated NZB/W mice had an average glomerular score of 3+ with severe 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. 
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Figure 8. Kidney histopathology and immune complex deposition were assessed. (A-H) 

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 pathologist in a blinded manner, 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 (C-H) (n ≥ 5; *p < 0.05 ).  
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2.5.9. 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). 
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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). 

2.5.10. 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). 

 

 

 

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 
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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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2.6. Conclusions 

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 

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 
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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 
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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 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 
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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. 

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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3.2. Abstract  

 Histone deacetylase (HDAC) inhibitors are important modifiers of gene and protein 

expression. In our studies, we sought to determine if a specific HDAC6 inhibitor (ACY-738) was 

able to decrease disease in NZB/W lupus-prone mice through regulation of B and T cell 

differentiation. From 22 – 38 weeks-of-age, NZB/W mice were injected intraperitoneally with 20 

mg/kg of ACY-738 (high-dose), 5 mg/kg of ACY-738 (low dose) or DMSO (vehicle control). 

Body weight and proteinuria were measured every 2 weeks, while sera anti-dsDNA, Ig isotypes, 

and cytokine levels were measured every 4 weeks. Kidney disease was determined using sera 

and urinary markers of SLE, immune complex deposition, and renal pathology. Flow cytometric 

analysis was used to assess thymic and splenic T cell profiles as well as bone marrow, splenic, 

and peripheral B cell differentiation patterns. Our results showed that HDAC6 inhibition was 

able to decrease many hallmarks of SLE disease including splenomegaly, immune complex-

mediated glomerulonephritis, sera anti-dsDNA levels, and inflammatory cytokine production. 

ACY-738 treatment decreased the number of double-negative thymic T cells and increased the 

percentage of splenic Treg cells. Inhibition of HDAC6 altered BM B cell differentiation by 

increasing the percentage of cells in the early-stage developmental fractions of both pro-and pre-

B cells. These results suggest that specific HDAC6 inhibition may be able to decrease SLE 

disease by altering aberrant T and B cell differentiation. 

 

 

 

Keywords: B cells, HDAC, Systemic Lupus Erythematosus, T cells  
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3.3. Introduction 

Systemic lupus erythematosus (SLE) is an autoimmune disease that can affect nearly 

every organ in the body.
1
 A pathognomonic feature of lupus nephritis is B cell dysregulation 

leading to autoantibody production and immune-complex mediated glomerulonephritis.
2
 

Hyperactive B cells contribute to SLE pathogenesis by inducing CD4
+
 T helper cells, inhibiting 

regulatory T (Treg) cells, secreting proinflammatory cytokines, and producing autoantibodies.
3
 

Reduced Treg cell numbers and function have been reported during active SLE in both mice and 

humans, which contributes to immune dysregulation and a lack of self-tolerance.
4
 Furthermore, 

TH17/Treg imbalance has been associated with the development of inflammatory disorders and 

renal dysfunction
5
. Female New Zealand Black/White (NZB/W) mice mimic human disease in 

several ways and therefore serve as an acceptable model of SLE. NZB/W mice are generated 

from the cross of New Zealand Black/BinJ (NZB) and New Zealand White/LacJ (NZW) mice 

and develop a spontaneous lupus-like disease.
6
 Both NZB/W mice and humans with active SLE 

produce autoantibodies against double-stranded DNA (dsDNA) and histones and develop 

immune complex-mediated glomerulonephritis.
7
   

B cells originate from pluripotent hematopoietic stem cells in the BM. Once the B cell 

pathway has been selected, B cell development and differentiation occurs in a series of stages, 

progressing from pro- to pre-, to immature B cells.
8
 Pro-B cells (B220

+
CD43

+
) pass through 4 

developmental phases: A (CD24
-
BP1

-
), B (CD24

+
BP1

-
), C (CD24

lo
BP1

+
), and C (CD24

hi
BP1

+
), 

while undergoing heavy chain D-J and V(D)J rearrangement.
9, 10

 Following successful IgG heavy 

chain rearrangement, CD43 expression is downregulated and cells progress into the pre-B cell 

(B220
+
CD43

-
) phase. Pre-B cells pass through 3 fractions: D (IgM

-
IgD

-
), E (IgM

+
IgD

-
), and F 

(IgM
+
IgD

+
). 

9
 Fraction D cells rearrange Ig light chains, begin to express IgM and differentiate 
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into fraction E or immature B cells.
11

 Fraction E cells exit the BM and continue to mature in the 

spleen. As IgM
+
 immature B cells begin to express IgD, they progress into fraction F, or mature 

B cells.
9
 

Hyperactive B cells contribute to SLE, however, the underlying mechanism remains 

unclear. 
2
 A number of possible causes have been identified including intrinsic hyper-reactivity 

resulting in polyclonal B cell activation, defective negative selection, decreased 

immunoregulatory functions, and altered cytokine production influencing B cell activity.
12

 

Research in both patients with SLE and murine models has shown abnormalities in B cell 

development and differentiation.
2, 13

 B cell differentiation has been reported to be altered during 

development in the BM, spleen, and periphery.
13, 14

 Due to the ability of B cells to act as antigen-

presenting cells (APCS), differentiate into antibody-secreting plasma cells, and secrete 

immunoregulatory cytokines, agents that modulate B cells may be of potential therapeutic 

value.
15

 Furthermore, a number of B cell depletion therapies have been investigated for their 

effectiveness in treating SLE. 
16

 

Numerous studies have shown that the ability of an organism to respond to its 

environment is dependent upon its capacity to modulate gene expression through chromatin 

remodeling.
17, 18

 Histone deacetylases (HDACs) catalyze the removal of acetyl groups from 

histones restricting chromatin availability for transcription factor binding. Furthermore, HDACs 

have been implicated in immune cell regulation and may therefore be efficacious in the treatment 

of autoimmune diseases including SLE.
19, 20

 Traditionally, HDACs were thought to function 

solely through epigenetic regulation of histone proteins.
21

 However, it is now known that 

HDACs can also regulate acetylation of over 50 nonhistone proteins, including transcription 

factors, signaling molecules, DNA repair enzymes, and structural proteins.
21, 22

 Due to the large 
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number of HDACs that are targeted, pan-HDAC inhibitors have been associated with many 

deleterious side effects during clinical trials including fatigue, nausea, and electrocardiograph 

abnormalities.
23, 24

 For this reason, more selective HDAC inhibitors are being pursued as more 

suitable treatments for autoimmune disease. Multiple class I and II HDACs have been implicated 

in the regulation of Foxp3 expression, including HDAC6, HDAC7 and HDAC9.
25, 26, 27

 HDAC6 

is a class IIb HDAC that is located primarily in the cytoplasm and has been demonstrated to 

regulate the acetylation of α-tubulin and HSP90.
28, 29

  Treatment with class I and IIb pan-HDAC 

inhibitors has been shown to increase Treg populations 
30, 31

, however treatment with selective 

class I HDAC inhibitors has been shown to have minimal effect on Treg function or numbers.
32

 

Therefore, it can be reasoned that specific class IIb HDAC inhibition is responsible for Treg 

function.  

The current studies were designed to investigate whether treatment with a specific 

HDAC6i would decrease disease in lupus-prone mice through the regulation of B and/or T cell 

differentiation. Inhibition of HDAC6 was chosen due to research in HDAC6 deficient mice 

showing an increase in expression of Foxp3 and Treg cells compared to wild type (WT mice).
24, 33

 

Furthermore HDAC6 is known to be expressed at higher levels in Treg cells, which are 

downregulated during SLE, than in conventional T cells.
28

 HDAC6 inhibition has also been 

associated with increased DNA-damage leading to a greater apoptotic rate and index. 
33

 HDAC6 

may be able to regulate B cell differentiation through regulation of apoptosis. For this study we 

used the selective HDAC6i, ACY-738 (N-hydroxy-2-(1-phenylcycloproylamino) pyrimidine-5-

carboxamide).  
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3.4. Materials and Methods 

3.4.1. ACY-738 bioavailability 

 Male C57BL/6 mice were injected intraperitoneally with ACY-738(5 mg/kg) in 10% 

DMAC/ 10% HS15/ 80% saline. Plasma was obtained from blood collected at various time 

points. The concentration of ACY-738 in the plasma was determined by mass spectrometric 

detection (LC/MS/MS) and calculated using a standard curve. The pharmokinetic (PK) 

parameters were calculated using WinNonlin software. 

 

3.4.2. Western blot analysis 

 SH-SY5Y cells were treated with varying concentrations of ACY-738 (1.9 – 500 nM) or 

vehicle control (DMSO) for 4 hours. Cells were lysed and a histone extraction kit was used 

according to the manufacturer’s protocol (Epigentek, Farmingdale, NY, USA). Western blot 

analysis was used to determine levels α-tubulin acetylation (Sigma Aldrich, St. Louis, MO, 

USA) and β-actin (Cell Signaling Technology, Boston, MA, USA) in the cytoplasmic fraction. 

The histone extract fractions were western blotted for acetylated histone H3 (K9) (Cell Signaling 

Technology, Boston, MA, USA) and histone H4 (Millipore, Billerica, MA, USA). 

 

3.4.3. Mice 

Female NZB/W F1 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 and housed in the animal facility at the 

Virginia-Maryland Regional College of Veterinary Medicine (VMRCVM, Blacksburg, VA, 

USA).   
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3.4.4. In vivo treatment 

Mice were injected intraperitoneally 5 days/week with the vehicle control (DMSO), 

ACY-738 treatment at 5 mg/kg (low-dose), or ACY-738 treatment at 20 mg/kg (high-dose) 

beginning at 22-weeks-of-age until euthanization at 38 weeks-of-age. The total volume injected 

was 80 µl. ACY-738 was received as a generous donation from Acetylon Pharmaceuticals for 

use in all studies. Proteinuria and weight were measured every 2 weeks and blood was collected 

every four weeks for sera analysis. Proteinuria was measured 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. 

 

3.4.5. 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 10,000xg. The levels of sera antibodies to dsDNA were 

measured by ELISA. Sera samples were added to the plate at a 1:100 dilution, followed by a 

two-fold serial dilution.   The plate was read at 380 nm on a Spectramax 340PC microplate 

spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).  A final dilution of 1:800 was 

reported. 
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3.4.6. Isolation of B cells from the BM 

BM cells were flushed in PBS with 1% BSA from the femurs of NZB/W mice following 

euthanization. Red blood cells (RBCs) were lysed using ammonium chloride potassium (ACK) 

lysing solution. Single-cell suspensions were then washed and stained with Allo-Phycocyanin 

(APC)-conjugated anti-mouse B22 and Flourescein Isothiocyanate (FITC)-conjugated anti-

mouse CD43 mAbs to identify pro-B cell (B220
+
 CD43

+
) and pre-B cell (B220

+
 CD43

-
) 

populations.  Pro-B cell populations were further stained with Phycoerythirn (PE)-conjugated 

anti-mouse BP1 and PECy5 or Peridinin-chlorophyll proteins (PerCP)-conjugated anti-mouse 

CD24 mAbs to identify fractions A (B220
+
 CD43

+ 
CD24

-
 BP1

-
), B (B220

+
 CD43

+ 
CD24

+
 BP1

-
), 

C (B220
+
 CD43

+ 
CD24

lo
 BP1

+
), and C’ (B220

+
 CD43

+ 
CD24

hi
 BP1

+
). Pre-B cells fractions were 

further stained with PE-conjugated anti-mouse IgD and PECy5-conjugated anti-mouse IgM 

mAbs to identify fractions D (B220
+
 CD43

- 
IgM

-
 IgD

-
), E (B220

+
 CD43

- 
IgM

+
 IgD

-
) and F 

(B220
+
 CD43

- 
IgM

+
 IgD

+
). Fractions were measured by flow cytometric analysis. All antibodies 

were purchased from eBioscience (San Diego, CA, USA). Flow cytometry was performed at that 

College of Veterinary Medicine Flow Cytometry Core Facility using a FACScan flow cytometer 

(Becton Dickinson, Franklin Lakes, NJ, USA).  Flow cytometry data was analyzed using FlowJo 

Software (Tree Star, Ashland, OR, USA).  

 

3.4.7. Isolation of splenic B cells 

Following euthanization, spleens were removed and single-cell suspensions of 

splenocytes were incubated with PerCP710 conjugated IgM, FITC conjugated AA4.1, PE 

conjugated CD23, and APC conjugated CD21 anti-mouse mAbs (eBioscience, San Diego, CA, 

USA). IgM
+
 cells were analyzed for the expression of AA4.1, CD23 and CD21 and divided into 
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the following developmental stagesusing flow cytometry: T1 (IgM
+
 CD23

- 
AA4.1

+ 
CD21

-
), T2 

(IgM
hi

 CD23
+ 

AA4.1
+ 

CD21
+
), T3 (IgM

lo
 CD23

+ 
AA4.1

+ 
CD21

+
), F0 (IgM

+
 CD23

+ 
AA4.1

- 
CD21

-

), MZ (IgM
+
 CD23

- 
AA4.1

- 
CD21

+
) or B1 (IgM

+
 CD23

- 
AA4.1

- 
CD21

-
). Flow cytometry data 

was analyzed using FlowJo. 

 

3.4.8. Isolation of peripheral B cells 

Blood was collected prior to euthanization using retro-orbital bleeding. RBCs from the 

peripheral blood were lysed and single cell suspensions were labeled using FITC-conjugated 

B220 and PerCep710 conjugated IgM anti-mouse mAbs (eBioscience, San Diego, CA, USA). 

Mature B cells were identified as IgM
+
B220

+
 cells. Flow cytometry data was analyzed using 

FlowJo. 

 

3.4.9. 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 by a pathologist, in a blinded 

manner. 

 

3.4.10. 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) 
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diluted 1:100  or goat anti-mouse C3-FITC (Pierce, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) diluted 1:100.  Kidney sections were examined by fluorescent microscopy. 

Sections were scored (0 – 4) for immune complex deposition by a pathologist in a blinded 

manner. 

 

3.4.11. Isolation of T cells 

A single-cell suspension was obtained from the thymuses and spleens of treated NZB/W 

mice at 38 weeks-of-age. Briefly, the thymus was removed from each NZB/W mouse and 

dissociated across a sterile wire mesh in a petri dish containing ice-cold RPMI 1640 medium 

(Thermo Scientific). RBCs were lysed using RBC lysis buffer and cells were pelleted and 

washed with PBS. Splenocytes were stained with APC-conjugated anti-mouse CD3 (APC-CD3), 

FITC-conjugated anti-mouse CD4 (FITC-CD4), eFluor450 (eF450)-conjugated anti-mouse 

CD8a, PerCP-CY5.5-conjugated anti-mouse CD25, and PE-conjugated anti-mouse Foxp3. Cells 

were fixed and permeabilized prior to staining with Foxp3. Thymocytes were stained with APC-

CD3, FITC-CD4, and PE-conjugated anti-mouse CD8 mAbs (eBioscience, San Diego, CA, 

USA). Fluorescence was measured using a FACScan flow cytometer and data was analyzed by 

FlowJo software.  

 

3.4.12. Glomerular isolation 

 The cortical tissue was isolated from one kidney of each mouse and pooled by treatment 

group. Briefly, cortical tissue was pressed through grading sieves and resuspended in 750 U/mL 

Worthington type I collagenase at 37°C for 20 min. Glomerular cells were pelleted, resuspended 

in RNAlater (QIAGEN, Valencia, CA, USA), and stored at -20°C until RNA isolation. 
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3.4.13. Isolation of RNA 

RNA was isolated using the mirVana miRNA isolation kit according to the 

manufacturer’s protocol (Applied Biosystems, Carlsbad, CA, USA).  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 RT-PCR.  The eluted RNA was stored at -80°C. 

 

3.4.14. Real-time RT-PCR 

IL-6, IL-10 and TGF-β mRNA expression were measured using TaqMan Gene 

Expression assays (Applied Biosystems, Carlsbad, CA, USA) .  The ΔΔCT was calculated using 

the endogenous control GAPDH, and then the ΔCT was determined by calculating the fold 

change in expression between the NZB/W mice treated with ACY-738 and the DMSO-treated 

controls.  All samples were run in triplicate. 

 

3.4.15. ELISA 

IL-1β and TGF-β 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. 

 

3.4.16. Statistics 

Statistical analysis was performed using Student’s unpaired t-test (two-tailed). A linear 

regression analysis was used to determine the relationship between age and cytokine production 
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following treatment with ACY-738. P values less than 0.05 were considered statistically 

significant.  
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3.5. Results 

3.5.1. BM differentiation of B cells is altered in diseased NZB/W mice. 

 During B cell development in the BM, autoreactive B lymphocytes can be removed by a 

number of mechanisms. In SLE, one or more of these mechanisms may be defective at each of 

the B cell development stages. To determine if B cell development was altered in the BM of 

lupus mice, pro- and pre-B cell differentiation was evaluated in pre-diseased and diseased 

NZB/W mice. BM cells were harvested from NZB/W mice at 8 (pre-diseased) or 38 weeks-of-

age (diseased) and sorted into pro-B cell (CD43
+
B220

+
) and pre-B cell (CD43

-
B220

+
) 

populations (Figure 1 A – B). There were no significant differences in the percentages of pro- or 

pre-B cells between diseased and pre-diseased mice (Figure 1 B).  

To characterize B cell development further, pro-B cells were divided into developmental 

fractions A (B220
+
 CD43

+ 
CD24

-
 BP1

-
), B (B220

+
 CD43

+ 
CD24

+
 BP1

-
), C (B220

+
 CD43

+ 

CD24
lo

 BP1
+
), and C’ (B220

+
 CD43

+ 
CD24

hi
 BP1

+
) (Figure 1 C – D). Diseased NZB/W mice 

had significantly fewer cells in fractions C and C′ when compared to pre-diseased mice (Figure 1 

D). Pre-B cells were further divided into fractions D (B220
+
 CD43

- 
IgM

-
 IgD

-
), E (B220

+
 CD43

- 

IgM
+
 IgD

-
) and F (B220

+
 CD43

- 
IgM

+
 IgD

+
) (Figure 1 E – F). Diseased NZB/W mice had 

markedly fewer cells in fractions D and E, but a significant increase in the percentage of cells in 

fraction F (Figure 1F). Diseased NZB/W mice have increased survival of cells during BM B cell 

differentiation leading to an accumulation of cells in the late pre-B cell fraction F. These results 

suggest that BM B cell development progresses more rapidly through developmental stages 

during SLE disease, without the proper removal of defective B cells leading to an increased 

number of autoreactive B cells leaving the BM.  
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Figure 1 Evaluation of pro- and pre-B cells in NZB/W mice. BM cells were harvested from 

pre-diseased and diseased NZB/W mice and labeled with fluorescently tagged antibodies specific 

for pro- and pre-B cells. (A) Representative images of B cells labeled with CD43 and B220. (B) 

There were no significant differences in the percentage of B cells in the pro- or pre-B subsets 

between pre-diseased and diseased NZB/W mice. (C) The pro-B cell subset was further divided 

into fractions A (CD24
-
BP1

-
), B (CD24

+
BP1

-
), C (CD24

lo
BP1

+
) and C′ (CD24

hi
BP1

+
). 
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Representative flow cytometry image of pro-B cell fractions A, B, C, and C′ from pre-diseased 

and diseased NZB/W mice. (D) There were significantly fewer pro-B cells in the C and C′ 

fractions in diseased NZB/W mice. (E) The pre-B cell subset was further divided into fractions D 

(IgM
-
IgD

-
), E (IgM

+
IgD

-
), and F (IgM

+
IgD

+
). Representative images of pre-B cell subsets from 

NZB/W mice. (F) Diseased NZB/W mice had significantly decreased numbers of cells in 

fraction D and E, yet significantly increased percentages of cells in fraction F  (n = 3; *p < 0.05, 

** p < 0.005, ***p < 0.0005). 

 

3.5.2. Selectivity and bioavailability of ACY-738 were determined. 

We chose to use a selective HDAC6 inhibitor to treat NZB/W mice due to previous 

reports of enhanced Treg cell activity following HDAC6 inhibition
27

. The compound ACY-738 

induced the acetylation of α-tubulin (a measure of HDAC6 inhibition) in cultured SH-SY5Y 

cells at a concentration of 1.9 nM after four hours of treatment (Figure 2A). We treated cells with 

varying concentrations of ACY-738 and examined the acetylation status of α-tubulin (K40) and 

histone H3 (K9). We determined that ACY-738 has a 100-fold greater selectivity for increasing 

acetylation of the HDAC6 associated protein, α-tubulin (EC50 = 3.5 nM), over class I HDAC 

associated protein, histone H3 (EC50 = 381 nM). These results indicate that ACY-738 selectively 

targets HDAC6 at low nanomolar concentrations. To determine the dose that would achieve a 

plasma concentration of approximately 2 nM for up to four hours. We performed a 

pharmacokinetic study using a single dose of ACY-738 (5 mg/kg) by i.p. injection. We found 

that the plasma levels four hours after the dose average 5.6 nM (figure 2B).A dose four fold 

higher than this was also well tolerated in mice and would be expected to extend the biologically 
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active concentration for several hours longer. These doses would be expected to induce the 

acetylation of histones through class I HDAC inhibition, although for a shorter time period.     

Figure 2. ACY-738 acetylation status and PK parameters. (A) Western blot analysis of α-

tubulin and histone H3 acetylation status. ACY-738 treatment was 100-fold more selective in 

increasing α-tubulin acetylation tubulin (EC50 = 3.5 nM) than histone H3 acetylation tubulin 

(EC50 = 381 nM). (B) PK data following i.p. injection of 5 mg/kg ACY-738. ACY-738 reached a 

maximum plasma concentration of 1310 ng/mL at 0.830 hours following treatment.  
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3.5.3. Treatment with ACY-738 alters BM B cell differentiation in vivo. 

We tested whether inhibiting HDAC6 would be able to alter B cell BM differentiation in NZB/W 

mice. Following treatment with ACY-738, the percentage of pro- and pre-B cells was determined 

using flow cytometric analysis. The percentage of pro-B cells was not significantly altered 

following HDAC6 inhibition (Figure 3 A – B). However, the treatment did alter the percentage 

of cells in developmental fractions A, B, C, and C′ by increasing the percentage of cells in stages 

A and C (Figure 3 C – D). The pre-B cell population was significantly decreased in a dose-

dependent manner following HDAC6 inhibition in NZB/W mice (Figure 3 A, E). The 

developmental pre-B cell stages were also significantly altered. At both the high and low dose of 

ACY-738, there was a significant increase in the percentage of cells in fractions D and E that 

corresponded with a decrease in cells in fraction F (Figure 3F – G). HDAC6 inhibition is able to 

reduce the number of cells that survive BM differentiation resulting in fewer B cells continuing 

development in the periphery. 
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 Figure 3 HDAC6 inhibition altered pro- and pre-B cell populations in the BM. Harvested 

BM cells were stained with B220 and CD43. (A) Representative flow cytometry image of pro-B 

cell (B220
+
CD43

+
) and pre-B cell (B220

+
CD43

-
) populations. (B) There were no significant 

differences in the percentages of pro-B cells amongst treatment groups. (C) Representative flow 
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diagram of pro-B cell fractions: A, B, C, and C′. (D) Treatment with ACY-738 significantly 

increased the percentage of pro-B cells in fractions A and C. (E) The percentage of pre-B cells 

was significantly decreased in a dose-dependent manner following HDAC6i treatment. (F) 

Representative flow cytometry image of pre-B cell fractions D, E, and F. (G) At 38 weeks-of-

age, the percentage of pre-B cells in fractions D and E was significantly increased, while the 

percentage of cells in fraction F was significantly decreased at both the low and high doses of 

ACY-738 (n ≥ 3; *p < 0.05, ** p < 0.005, ***p < 0.0005). 

 

3.5.4. Splenic and peripheral B cell populations were not significantly altered by HDAC6 

inhibition. 

 Previous studies have shown abnormal numbers of splenic B cells from SLE patients in 

the transitional and MZ developmental stages. 
34

 We tested whether treatment with ACY-738 

was able to correct the abnormal populations of splenic B cells in lupus-prone mice. Splenic B 

cells were sorted into their developmental stages T1, T2, T3, F0, B1, and MZ. However, 

treatment with ACY-738 did not significantly affect these populations of B cells at either the low 

or high dose (Figure 4A).    

 We investigated whether HDAC6 inhibition was able to alter peripheral B cell 

populations since previous reports have shown that there are major differences in peripheral B 

cells between SLE patients and healthy controls 
14, 35

. A single-cell suspension was obtained 

from the blood of 38-week-old NZB/W mice and strained for IgM and B220. Treatment had no 

effect on the percentage of peripheral B cells (IgM
+
B220

+
) in 38-week-old NZB/W mice (Figure 

4 B – C).  
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Figure 4 ACY-738 had no effect on splenic or peripheral B cells. (A) Single cell suspension 

of splenocytes were divided into developmental stages T1 (IgM
+
CD23

-
AA4.1

+
CD21

-
), T2 

(IgM
hi

CD23
+
AA4.1

+
CD21

+
), T3 (IgM

lo
CD23

+
AA4.1

-
CD21

+
), F0 (IgM

+
CD23

+
AA4.1

-
CD21

-
), 

MZ (IgM
+
CD23

-
AA4.1

-
CD21

+
), and B1 (IgM

+
CD23

-
AA4.1

-
CD21

-
). There were no significant 

differences following HDAC6 inhibition in any of the splenic B cell developmental (B) 

Representative flow cytometry diagram of peripheral B cells (IgM
+
B220

+
). (C) ACY-738 had no 

effect on the percentage of peripheral B cells at either the low or high dose HDAC6i (n ≥ 3). 

 

3.5.5. Inhibition of HDAC6 alters thymic T cell development. 

 SLE patients and lupus-prone murine models have been reported to have abnormal 

expression of T cells.
36, 37, 38

 Of particular interest is an increase in the DN (CD3
+
CD4

-
CD8

-
) T 
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cell population. It is believed that the DN T cell population can lead to the induction of 

pathogenic autoantibodies. We tested whether treatment with ACY-738 was able to alter the 

percentage of DN T cells. HDAC6 inhibition resulted in a substantial decrease in CD4
-
CD8

-
 T 

cells coupled with a significant increase in DP (CD3
+
CD4

+
CD8

+
) T cells (Figure 4 B, D). There 

were also significant decreases in the number of CD3
+
CD4

+
CD8

-
 and CD3

+
CD4

-
CD8

+
 single 

positive (SP) T cells, but an increase in the percentage of double positive (CD3
+
CD4

+
CD8

+
) T 

cells (Figure 5 B, C).  
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Figure 5. The percentage of DN thymic T cells is reduced following HDAC6 inhibition. (A) 

Representative flow cytometry images of thymocytes gated on CD3 and labeled with CD4 and 

CD8. (B) ACY-738 treatment decreased the percentage of DN T cells in a dose-dependent 

manner. (C) There was a reduction in the percentage of CD3
+
CD4

+
CD8

-
 and (D) CD3

+
CD4

-

CD8
+ 

T cells following HDAC6 inhibition. (E) Double positive (CD3
+
CD4

+
CD8

+
) thymic T cell 

numbers were increased in a dose-dependent manner following 16 weeks of treatment with 

ACY-738 (n ≥ 3; *p < 0.05, ** p < 0.005). 

 

3.5.6. Inhibition of HDAC6 increased the number of regulatory T cells in the spleen. 

The Treg phenotype was assessed due to its role in the maintenance of self-tolerance and the 

prevention of autoimmune disease.
39

 During active SLE the overall number and function of Treg 

cells is reduced.
40

 Splenocytes were obtained from 38-week-old NZB/W mice and stained with 

CD4, CD25, and Foxp3. Treatment with ACY-738 resulted in a significant increase in the 

percentage of Treg cells at both doses compared to mice treated with vehicle control alone 

(Figure 6 A – B). 
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Figure 6. Specific HDAC6 inhibition increased the Treg phenotype in NZB/W mice. (A) 

Representative flow diagram of splenocytes gated on CD4 and labeled with Foxp3 and CD25. 

(B) Treatment with ACY-738 significantly increased the percentage of Treg cells 

(CD4
+
Foxp3

+
CD25

+
) (n ≥ 5; *p < 0.05). 

 

3.5.7. HDAC6 inhibition prolonged survival of NZB/W mice and decreased urinary 

markers of SLE and splenomegaly.   

HDAC6 inhibition was evaluated for its efficacy in decreasing SLE markers of disease 

and prolonging the survival of NZB/W mice. All mice receiving either the high or low dose of 

ACY-738 survived to the completion of the study. However, half of the NZB/W mice receiving 

the vehicle control alone died before termination of the study at 38 weeks-of-age (Figure 7 A). 

Body weight increased as NZB/W mice aged following treatment with ACY-738. Vehicle 

control-treated NZB/W mice experienced weight loss concomitantly with increased proteinuria 

(Figure 7 B). Throughout the treatment period, NZB/W mice were monitored for changes in 

proteinuria and body weight. Treatment with 20 mg/kg ACY-738 significantly attenuated the 

severity of proteinuria in NZB/W F1 mice (Figure 7 C). Because SLE is characterized by 

enlargement of the spleen, splenomegaly was assessed in mice following euthanization by 

determining the total spleen weight along with the spleen:body weight ratio. Both spleen weight 

and spleen:body weight ratio were decreased following HDAC6 inhibition in a concentration 

dependent manner (Figure 7 D – E).  
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Figure 7 Assessment of survival rate and disease progression in NZB/W mice. (A) By 38 

weeks-of-age, half of the NZB/W mice receiving the vehicle control alone had died. No mice 

receiving the HDAC6i died before termination of the study. (B) Body weight increased as 

NZB/W mice aged, until mice reached the terminal stage of disease. There was significant 

weight loss in NZB/W mice treated with the vehicle control alone. There was no significant 

weight loss in mice that received ACY-738 treatment. (C) Measurement of proteinuria every 2 
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weeks in NZB/W mice being treated with ACY-738 (5 mg/kg in DMSO), ACY-738 (20 mg/kg 

in DMSO) or vehicle control (DMSO) from 22 – 38 weeks-of-age. Proteinuria gradually 

increased as the NZB/W mice treated with the vehicle control or the low-dose of ACY-738 aged. 

However, treatment with the high-dose of ACY-738 prevented proteinuria from increasing in 

NZB/W mice. (D) Average spleen weight by group was determined following euthanization of 

mice at 38 weeks-of-age. HDAC6 inhibition significantly decreased spleen weight in NZB/W 

mice. (E) Spleen:body weight ratio was calculated and multiplied by 100. Treatment with ACY-

738 decreased the spleen:body weight ratio in a dose-dependent manner (n ≥ 5; *p < 0.05, ** p < 

0.005). 

3.5.8. Treatment with ACY-738 reduced serum anti-dsDNA and altered Ig isotype levels. 

 Ig isotype levels were assessed due to previous studies linking elevated IgG levels to 

glomerulonephritis in both NZB/W mice and human SLE.
41

 Diseased NZB/W mice have 

elevated production of anti-dsDNA as well as increased production of IgM and IgG isotypes 

(specifically IgG2a) 
42

. To determine the effect of specific HDAC6 inhibition on disease in 

NZB/W mice, serum anti-dsDNA Ig isotype levels were measured every 4 weeks beginning at 

22 weeks-of-age. Anti-dsDNA, IgG2a, and total IgG levels gradually increased as the mice aged 

(Figure 8 A – C). There were no significant differences between the groups in anti-dsDNA at 22 

weeks-of-age.  Treatment with the high dose of ACY-738 was able to prevent an increase anti-

dsDNA as the mice aged. NZB/W mice that received 5 mg/kg ACY-738 showed a significant 

decrease in anti-dsDNA production as they aged when compared to the vehicle control-treated 

mice (p < 0.05). Following treatment with 20 mg/kg dose, the decrease in autoantibody 

production was more pronounced compared to NZB/W mice that received the lower dose or 
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vehicle control alone (Figure 8 A).  The HDAC6i treatment significantly decreased levels of 

IgG2a and total IgG (Figure 8 B – C).  

  

Figure 8 Evaluation of SLE sera biomarkers of disease in NZB/W mice following ACY-738 

therapy. (A) Measurement of sera anti-dsDNA in NZB/W mice at 22 weeks-of-age (prior to 

treatment) and 38 weeks-of-age (following 16 weeks of treatment). There were no significant 

differences in anti-dsDNA levels prior to the initiation of treatment. Anti-dsDNA increased in 

the NZB/W mice as they aged; however, HDAC6 inhibition was able to decrease production in 
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38-week-old mice. (B) IgG2a levels were measured prior to initiation of treatment and prior to 

euthanization at 38 weeks-of-age. Anti-dsDNA levels increased over time, but ACY-738 

treatment significantly decreased IgG2a in a dose-dependent manner. (C) At 38 weeks-of-age, 

total IgG was slightly decreased in mice that received the HDAC6i (n ≥ 5; *p < 0.05, ** p < 

0.005). 

3.5.9. HDAC6 inhibition prevented TGF-β and IL-1β production from being altered as 

NZB/W mice aged.  

Elevated IL-1β levels have been reported to play a role in the pathogenicity of a number 

of autoimmune diseases including SLE.
43, 44

 Conversely, lymphocyte production of TGF-β has 

been shown to be decreased during active SLE.
45

 Beginning at 22 weeks-of-age, cytokine levels 

were measured in the sera every 4 weeks until euthanization at 38 weeks-of-age (Figure 9 A – 

B). As the NZB/W mice aged, sera levels of TGF-β decreased whereas levels of IL-1β increased 

(Figure 9 A – B). HDAC6 inhibition attenuated the reduction of TGF-β production as the mice 

aged in a dose-dependent manner (Figure 9 A). Treatment with both the low and high dose of 

ACY-738 attenuated sera IL-1β production as the NZB/W mice aged (Figure 9 B).  
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Figure 9 Cytokine production in lupus-prone mice was assessed. (A – B) TGF-β and IL-1β 

were measured in sera collected from mice prior to treatment (22 week-of-age) and following 

HDAC6i treatment for 16 weeks. At 22 weeks-of-age there were no significant differences in 

cytokine levels amongst the three groups. (A) Following treatment, TGF-β levels had 

significantly decreased in vehicle control-treated mice, however, treatment with ACY-738 was 

able to reverse this trend in a dose-dependent manner. (B) Levels of IL-1β were elevated in 38-

week-old NZB/W mice. HDAC6 inhibition significantly decreased sera IL-1β (n ≥ 3; *p < 0.05, 

*** p < 0.0005). 

 

3.5.10. Glomerular IL-10, TGF-β, and IL-6 mRNA expression is decreased following 

HDAC inhibition in vivo. 

We next sought to determine whether ACY-738 would alter glomerular mRNA 

expression in NZB/W mice.  NZB/W mice develop renal disease around 20 weeks-of-age, 

progressing to severe glomerulonephritis by 36 weeks-of-age.
46

 Altered mRNA glomerular 

expression can lead to fibrosis and irreversible glomerular damage.
47

 The balance between Th1 

and Th2 cytokines plays a critical role in the immune response and the pathogenesis of 

autoimmune disease. IL-10 has been reported to be elevated in SLE and plays a critical role in B 

cell survival, differentiation, and Ig secretion. Inhibiting IL-10 has been demonstrated to 

decrease disease; while administration of IL-10 has been shown to accelerate disease in lupus-

prone mice.
48

 TGF-β has been shown to play a dual role in SLE pathogenesis. In NZB/W mice, 

TGF-β is produced in the kidneys to counter inflammation resulting from autoantibody 

production.
49

 IL-6 induces polyclonal B-cell activation and autoantibody production during SLE. 
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Studies have demonstrated increased expression of the proinflammatory cytokine, IL-6, in lupus 

kidneys.
50

   

Following euthanization, glomeruli were isolated from the kidneys and RNA was 

extracted. Relative glomerular mRNA expression of IL-10, TGF-β, and IL-6 were determined 

using real-time RT-PCR.  Administration of ACY-738 (5 mg/kg) was able to significantly reduce 

glomerular IL-6 and IL-10 mRNA levels by more than 50% while treatment with 20 mg/kg 

ACY-738 reduced IL-6 and IL-10 mRNA to non-detectable levels (Figure 10). Furthermore, 

glomerular TGF-β mRNA was decreased following inhibition of ACY-738 in a dose-dependent 

manner (Figure 10). Taken together these results suggest that HDAC6 inhibition by ACY-738 

reduces production of SLE-associated cytokine mRNA. 

 

 

Figure 10 Glomerular mRNA levels were assessed in 38-week-old mice. Relative glomerular 

levels of IL-6, IL-10, and TGF-β mRNA were determined using real time RT-PCR.  Treatment 

with ACY-738 decreased IL-6, IL-10, and TGF-β were all decreased in a dose-dependent 

manner. Following treatment with 20 mg/kg ACY-738, IL-6 and IL-10 were undetectable (n ≥ 5; 

*p < 0.05, ** p < 0.005, ***p < 0.0005).  
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3.5.11. Glomerular immune complex deposition is reduced following HDAC6 inhibition. 

We sought to determine whether ACY-738 decreased immune complex deposition and 

complement activation in renal tissue. Treatment with the high-dose of ACY-738 was able to 

decrease both the number of glomeruli with C3 and IgG deposition as well as the overall level of 

deposition within each glomerulus (Figure 11 A). Mice that received 5 mg/kg ACY-738 had a 

slight decrease in C3 and IgG deposition (data not shown). Treatment with 20 mg/kg of ACY-

738 resulted in decreased IgG and C3 staining compared to vehicle control-treated mice (Figure 

11 B). Each kidney was scored in a blinded manner for fluorescence intensity. Treatment with 

the 20 mg/kg dose significantly decreased IgG and C3 deposition, however, 5 mg/kg ACY-738 

showed no significant effect on IgG and C3 deposition compared to mice that received vehicle 

control alone (Figure 11 C – D).  
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Figure 11 HDAC6 inhibition decreased glomerular immune complex deposition. 5 µM 

kidney sections were stained with FITC-conjugated C3 or IgG and assessed for fluorescence 

intensity. (A – B) Representative images of glomerular deposition of both C3 and IgG in NZB/W 

mice treated with the vehicle control or the high dose of ACY-738. (C – D) IgG and C3 

deposition were evaluated by a pathologist in a blinded manner and scored (0 – 4) for the level 

and frequency of fluorescence. Both IgG and C3 deposition levels were significantly decreased 

following 16 weeks of ACY-738 treatment (n ≥ 5; *p < 0.05, ** p < 0.005). 

 

3.5.12. HADAC6 inhibition decreased SLE renal pathology. 

In order to assess renal disease, kidney sections were embedded in paraffin and stained 

by PAS. NZB/W mice have been shown to develop severe renal disease by 32 weeks-of-age. 

NZB/W mice treated with DMSO alone had thickened, irregular glomerular basement 

membranes, increased cellularity, fibrosis and crescent formation (Figure 12 A). Treatment with 

5 mg/kg ACY-738 did not significantly alter kidney pathology. However, kidneys from mice 

treated with 20 mg/kg of ACY-738 had significantly reduced SLE renal pathology characterized 

by the lack of fibrosis and crescent bodies (Figure 12 B). All kidneys were scored (0-4) by a 

pathologist, in a blinded manner. NZB/W mice that were treated with the vehicle control alone 

received an average score of 4 compared to an average score of 2 from mice that received the 

high-dose of ACY-738 (Figure 12 C). 
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Figure 12 SLE-associated renal pathology was decreased following ACY-738 therapy. 

Paraffin-embedded kidneys were sectioned and then stained with PAS. (A) Representative image 

of severe glomerulonephritis (thickened GBM and crescent formations) from an NZB/W mouse 

treated with the vehicle control alone. (B) When treated with ACY-738 (20 mg/kg), NZB/W 

mice had improved renal pathology. (C) 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. The ACY-738 treatment significantly 

decreased SLE kidney pathology (n ≥ 5; *p < 0.05). 
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3.6. Discussion 

Treatment with ACY-738 was able to decrease SLE disease by correcting aberrant B and 

T cell differentiation. We showed that BM differentiation of B cells was altered in diseased 

NZB/W mice with increased survival of differentiating B cells resulting in an accumulation of 

cells in the late pre-B cell fraction F. Furthermore, diseased NZB/W mice had decreased 

percentages of cells in the late pro-B cell/early pre-B cell phases when compared to pre-diseased 

mice. Treatment with ACY-738 was able to reverse the aberrant B cell differentiation in NZB/W 

mice by increasing the percentages of cells in late pro-B cell and early pre-B cell fractions. 

Furthermore, HDAC6 inhibition decreased the accumulation of cells in late pre-B fraction F, 

reversing the increased survival of BM B cells characteristic of SLE. Treatment with ACY-738 

was also able to alter T cell differentiation in NZB/W mice. The percentages of Treg cells were 

increased, while the percentages of thymic DN T cells were decreased following HDAC6i 

therapy for 16 weeks. These results suggest that B and T cell differentiation play an important 

role in SLE pathogenesis and that inhibition of HDAC6 may be effective in correcting aberrant 

lymphocyte development.    

Our results suggest that there is a defect in one or more of the developmental checkpoints 

during BM B cell development. While our study showed no difference in the overall number of 

pro- or pre-B cells between pre-diseased and diseased NZB/W mice, there were altered 

proportions of cells in the pro- and pre-B cell developmental fractions. Diseased NZB/W mice 

had decreased numbers of pro-B cells in the late C and C′ fractions and in the early pre-B cell 

fractions D and E when compared to pre-diseased NZB/W mice. There was also a notable 

increase in the percentage of B cells in the late pre-B stage, fraction F. These data suggest that 

diseased NZB/W mice are unable to properly undergo B cell differentiation possibly due to 
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altered regulation of B cell checkpoints, resulting in failure to remove defective B cells. 

Normally, B cells that develop autoreactive B cell receptors (BCRs) are removed by both 

positive and negative selection from the BM in three ways: receptor editing, deletion, and 

anergy.
8
 In healthy individuals, approximately 55-75% of the repertoire produced by Ig gene 

rearrangement in the BM is autoreactive.
51

 These autoreactive B cells are removed at two 

checkpoints.
12

 The majority of autoreactive B cells are removed in the BM while the cells are 

still immature.
52

 Previous studies have shown that early checkpoints during B cell development 

in the BM are abnormal in SLE resulting in increased numbers of self-reactive B cells in 

circulation.
51

 Under normal conditions, the apoptotic index and the apoptotic rate, for the 

removal of autoreactive B cells, are greatest around the pro/pre-B cell transition.
52

 Our results 

show that the greatest difference in B cell development in NZB/W mice occurs during BM 

differentiation at the pre-B/pro-B stages indicating a possible apoptotic defect in NZB/W mice.  

ACY-738 is a selective HDAC6 inhibitor with minimal reactivity against other class II 

HDACs and 100-fold less selectivity against class I HDACs.
53

 Jochems et al. showed a dose-

dependent enzymatic selective inhibition of recombinant HDCA6 over HDACS 1, 2, and 3 

following treatment with ACY-738.
53

 Class I HDAC inhibition is known to significantly reduce 

the total number of peripheral lymphocytes.
54

 A complete blood count was performed along with 

a blood smear prior to euthanization of the mice treated with the low and high dose of ACY-738. 

There was no significant difference in the numbers of peripheral lymphocytes, WBCs, RBCs, or 

platelets between treatment groups, indicating further that Class I HDACs were not inhibited by 

theses doses of ACY-738. Inhibition of HDAC6 using ACY-738 was able to correct the 

abnormal percentages of late pro-B/early pre-B cells associated with diseased NZB/W mice. 

While ACY-738 treatment had no effect on the total numbers of pro-B cells, there was a 
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significant decrease in the percentage of total pre-B cells. HDAC6 inhibition increased the 

percentage of early-stage pro-B cells in fraction A and the number of cells in the early pre-B cell 

developmental stages D and E. Furthermore treatment with ACY-738 decreased the percentage 

of late-stage pre-B cells in fraction F. These results indicate HDAC6 inhibition decreased the 

percentage of cells that developed into immature B cells coupled with a shift from late-stage 

subsets to early-stage pro- and pre-B cell subsets. These data indicate that HDAC6 inhibition is 

able to increase the removal of B cells during BM differentiation. During V(D)J and class switch 

recombination in the BM, DNA double strand breaks occur resulting in apoptosis of autoreactive 

B cells.
8
 Previous studies implicate HDAC6 in the regulation of apoptosis through increased 

DNA damage.
33

 Our results showed the HDAC6 inhibition had the greatest effect on the pro- and 

pre B cell populations, which could indicate that ACY-738 functions by correcting the apoptotic 

defect that is present in SLE. 

The effect of HDAC6 inhibition on developmental splenic stages and peripheral B cell 

populations was also investigated. In our studies we found that ACY-738 did not affect the 

percentages of B cells in the periphery or the distribution of B cells in the splenic developmental 

stages. After immature B cells leave the BM, they continue to develop in secondary lymphoid 

organs including the spleen.
8
 As immature B cells develop into mature B cells they become 

antigen-specific.
8
 B cells that escape negative selection during BM differentiation may mature in 

the spleen to become marginal zone or follicular cells.
55

 IgM
+
IgD

+
 B cells leave the BM as 

transitional cells and enter the spleen where they mature into follicular B cells or marginal-zone 

B cells.
8, 55

 ACY-738 did not alter the percentages of B cells in transitional, follicular or marginal 

zone stages. These results suggest that ACY-738 is acting during early B cell development in the 

BM and not on peripheral of splenic B cells.  
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Anti-dsDNA is produced by autoreactive B cells that escape negative and positive 

selection during B cell development.
3, 12

 Our studies showed that as NZB/W mice aged, auto-

antibody production increased, which corresponded with a concomitant increase in proteinuria. 

IgG autoantibodies are responsible for glomerulonephritis associated with SLE. When IgG 

autoantibodies encounter antigen, they bind to form immune complexes that become lodged in 

renal glomeruli, resulting in increased activation of the immune system and inflammation.
56

 The 

damaged kidneys are then unable to properly filter proteins, which pass into the urine and cause 

elevated levels of proteinuria.
3
 Our study showed that decreased IgG production in the sera 

following HDAC6 inhibition, correlated with reduced glomerular immune complex deposition, 

SLE-associated kidney pathology, and proteinuria. This indicates that although ACY-738 doesn’t 

affect numbers of peripheral B cells, it does alter mature plasma cell production of 

autoantibodies. This further indicates the ability of HDAC6 inhibition to remove autoreactive B 

cells that produce autoantibodies.  

Our results showed that inhibition of HDAC6 is able to increase the Treg phenotype, 

which correlated with a decrease in SLE-associated markers of disease. Treg cells have been 

shown to directly influence Ab production. Depletion of Treg cells in mice leads to 

overproduction of Abs however, upon transfer of Treg cells back into mice, Ab production is 

significantly reduced.
57

 At 38 weeks-of-age, NZB/W mice that received 20 mg/kg ACY-738 had 

significantly higher numbers of Treg cells and reduced levels of autoantibody production when 

compared to vehicle control-treated mice. Previous research has shown that treatment with ACY-

738 is able to increase the suppressive function of Treg cells in vitro.
27

 Research indicates that a 

decrease in Treg numbers and function may contribute to SLE pathogenesis due to their important 

role in the regulation of the immune system and the suppression of autoantibody-producing B 
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cells.
40

 Studies have reported that Treg cell numbers are reduced during active SLE, but numbers 

are increased following treatment and clinical improvement.
40

 It has been demonstrated that pan-

HDAC inhibitors, but not class I specific HDAC inhibitors, are able to increase populations of 

Treg cells.
24

 Taken together these data suggest that the Treg profile is most likely regulated by a 

class IIb HDAC, such as HDAC6.   

 Naïve CD4
+
 T cells differentiate into Treg cells following TGF-β stimulation, which 

promotes Foxp3 expression.
58

 Our results showed that as NZB/W mice aged, sera TGF-β levels 

were reduced; however, treatment with ACY-738 was able to ameliorate the reduction of TGF-β 

in a dose-dependent manner. This correlated with an increase in the Treg population in NZB/W 

mice treated with ACY-738. Conversely, glomerular mRNA expression of TGF-β was decreased 

following HDAC6i treatment indicating a dual role of TGF-β in SLE pathogenesis. Previous 

studies have shown a correlation between decreased TGF-β levels in lymphoid tissues and an 

increase in autoantibody production leading to a proinflammatory environment.
49

 Anti-

inflammatory cytokines including TGF-β are produced in order to combat inflammation within 

target organs such as the kidneys. The increased production of anti-inflammatory cytokines 

causes deposition of extracellular matrix and fibrosis.
59

 Elevated levels of TGF-β in immune 

cells can coincide with a reduction in TGF-β in target organs leading to autoimmune disease 

including lupus.
49, 59

  Our results showed the ability of HDAC6 inhibition to reverse these trends 

by increasing the sera levels of TGF-β, while decreasing TGF-β in the glomeruli of the kidneys. 

This indicates that HDAC6 inhibition may increase Treg populations through altered TGF-β 

production.  

  During, SLE there is an imbalance between the production of Th1 and Th2 cytokines.
60

 

We investigated whether HDAC6i therapy was able to reverse altered IL-6, IL-10, and IL-1β 
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cytokine production trends that are characteristic of SLE. Following treatment with ACY-738 

(20 mg/kg), IL-6 was undetectable in the kidneys of NZB/W mice. The proinflammatory 

cytokine IL-6 is upregulated in SLE and contributes to overproduction of IgG.
61

 The reduction in 

IL-6 correlated with a decrease in total IgG and the IgG2a isotype levels in the sera. Similarly, 

elevated levels of the proinflammatory cytokine IL-1β have been reported to play a role in the 

pathogenicity of a number of autoimmune diseases including SLE.
62

 In lupus-prone mice that are 

deficient in IL-1β, sera levels of autoantibodies are decreased and the manifestation of disease is 

much milder.
63

 Our results indicate that ACY-738 is able to decrease IL-1β in a dose-dependent 

manner that correlates with the reduction in dsDNA autoantibody levels. 

 Our studies showed that ACY-738 decreased several characteristics of SLE in NZB/W 

mice by dictating B cell development in the bone marrow. We found that there was a decrease in 

the percentage of cells in early B cell developmental stages and an increase in the number of 

cells in late B cell BM developmental stages during disease in NZB/W mice. ACY-738 treatment 

increased the percentage of B cells in early developmental stages, while decreasing the 

percentage of cells in late pre-B cell fraction F. ACY-738 regulation of BM B cell development 

could be due to regulation developmental checkpoints known to be dysfunctional during SLE. 

Future studies are currently defining the mechanism through which ACY-738 regulates abnormal 

B cell development observed in SLE patients. 
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4.2. Abstract 
 

Prior studies have shown that pan-HDAC inhibition can decrease disease in lupus mice; 

however, the mechanism(s) remain(s) to be elucidated. MRL/MpJ-Fas
lpr

 (MRL/lpr) mice 

develop a lupus-like disease characterized by anti-dsDNA production, lymphoproliferation, and 

immune complex-mediated glomerulonephritis. Early and late disease (12 and 20 weeks-of-age) 

female MRL/lpr mice were compared to age-matched, healthy C57BL/6 mice for HDAC 

expression and activity in bone marrow B cells, splenic B and T cells, and glomerular cells. We 

found that HDAC6 was significantly overexpressed in B cells and glomerular cells, whereas 

HDAC9 expression was significantly increased in splenic T cells. Due to the overexpression of 

HDAC6, we tested whether treatment with a selective HDAC6 inhibitor (ACY-738) or a pan-

HDAC inhibitor (TsA) would decrease HDAC activity. Treatment with ACY-738 (5 nM) 

significantly reduced cytoplasmic HDAC activity whereas treatment with TsA was able to 

significantly decrease both nuclear and cytoplasmic HDAC activity.  In vitro studies in 

mesangial cells showed that ACY-738 is specific for HDAC6 through α-tubulin acetylation and 

resulted in decreased Hsp90 and a decrease in nuclear activation of NFκB. Treatment of pre-B 

cells with ACY-738 decreased the Bcl-2:Bax ratio leading to a pro-apoptotic environment. These 

results suggest that increased HDAC6 expression and activity contribute to SLE pathogenesis, 

and isoform-selective HDAC inhibitors may prove beneficial in the treatment of SLE by 

acetylating key signaling and transcription factors in inflammation and cell activation. 
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4.3. Introduction 

 

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by 

the activation of autoreactive T and B cells [1-3]. During SLE, pathogenic autoantibodies 

directed against nuclear components, including nucleic acids and histones, are produced 

contributing to multiorgan inflammation and tissue damage [4]. Studies have shown a number of 

abnormalities in B cell development in SLE patients including pre-immune B cell maturation, 

negative selection, receptor editing, and somatic hypermutation [5]. Furthermore, when 

autoreactive B cells encounter self-antigen (Ag), they form immune complexes (ICs) which 

become lodged in glomerular capillaries resulting in glomerulonephritis [6]. Aberrant T cell 

development is also thought to contribute to disease in SLE patients. The number and function of 

regulatory T (Treg) cells is decreased in both SLE patients and murine models. Furthermore, both 

humans and mice with SLE have elevated Th1 and Th2 cytokines as well as an increase in the 

number of Il-17-producing Th17 cells, which contribute to inflammation [7, 8].  

 Histone deacetylases (HDACs) catalyze the removal of acetyl groups on both histone and 

non-histone proteins thereby altering protein stability and function [9, 10]. HDACs have been 

shown to play a role in the regulation of a number of proteins involved with cell cycle, motility, 

immunity, inflammation, and apoptosis [11]. HDACs can be grouped into four classes: class I, II, 

III, and IV. Class I HDACs (HDACs 1, 2, 3, and 8) have ubiquitous tissue expression and are 

involved with cell survival and proliferation. HDACS 1, 2, and 3 are found solely in the nucleus; 

however, HDAC8 can be found in either the nucleus or the cytoplasm[12]. Class II HDACs can 

be further subdivided into class IIa (HDACs 4, 5, 7, and 9) and class IIb (HDACs 6 and 10). 

Class IIa HDACs are able to shuttle back and forth between the nucleus and the cytoplasm, 

whereas class IIb HDACs are primarily cytosolic [9]. HDAC11 is the sole member of the HDAC 
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class IV and can be found in either the nucleus or the cytoplasm, but has a tendency to co-

localize with HDAC6 in the cytoplasm[12]. Studies suggest that class II HDACs may be 

preferable targets for treating chronic disease without detrimental side effects [13-15]. While 

inhibiting class I HDACs has shown some efficacy in the treatment of autoimmune disease, they 

have also been associated with cytotoxicity following long-term treatment [16, 17]. For these 

reasons, we have focused this study on the expression of class II HDACs and the role they may 

play in SLE pathogenesis.  

 Class IIa HDACs (4, 5, 7, and 9) are highly expressed in the heart, brain, and smooth 

muscle [12]. Mice lacking HDAC4 are viable, but have significant defects including chondrocyte 

hypertrophy and premature ectopic ossification. Knockdown of HDAC5 in mice results in 

significant heart problems including myocardial hypertrophy and an abnormal cardiac stress 

response. Germline deletion of HDAC7 in mice has proven to be embryonic lethal due to its role 

in endothelial cell-cell adhesion. HDAC9 overexpression is believed to contribute to SLE 

pathogenesis. HDAC9 deficient MRL/lpr mice have decreased levels of autoantibody 

production, inflammatory cytokine production, and glomerulonephritis coupled with prolonged 

survival. T cells from both SLE patients and SLE murine models have been demonstrated to 

overexpress HDAC9 [18]. Furthermore, inhibition of HDAC9 results in increased Treg activation 

and suppressive function [13]. Due to the adverse effects associated with class IIa HDAC 

knockout mice, inhibition of these HDACs for the treatment of disease may produce a number of 

adverse side effects. 

Class IIb HDACs (HDAC6 and HDAC10) are found primarily in the cytoplasm. HDAC6 

is a class IIb HDAC and has been demonstrated to deacetylate a number of proteins with 

specificity for α-tubulin and Hsp90 [19, 20]. HDAC6 has increased tissue expression in the 
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kidneys, liver, heart, and pancreas [12]. HDAC6-deficient mice are viable with no significant 

defects [12]. Mice lacking HDAC6 and those treated with HDAC6 siRNA have hyperacetylated 

α-tubulin and Hsp90. Hyperacetylation of Hsp90 has been shown to decrease Hsp90 function 

[19]. The role of HDAC10 in autoimmune disease remains largely undetermined [12].  

Due to the ubiquitous nature of class I HDACs, inhibition not only alters autoimmune 

associated pathways, but also disrupts normal physiological functions [12]. For this reason, pan-

HDAC inhibitors and class I selective HDAC inhibitors tend to be cytotoxic, and therefore the 

development of isoform-selective HDAC inhibitors for the treatment of chronic diseases 

including SLE is warranted. The class I and II HDACi, SAHA, has been approved by the FDA 

for the treatment of cutaneous T cell lymphoma [21]. However, we have previously published 

that while long-term treatment with SAHA can reduce disease in lupus-prone mice, its long-term 

use may have deleterious effects [16].  

For these studies, we sought to determine the level of mRNA expression in immune-

associated tissues from lupus-prone mice of class IIb HDACs along with the class IIa HDAC, 

HDAC9, due to their suggested role in autoimmune disease. Next, we investigated whether 

HDAC activity was increased during SLE disease and if treatment with a selective HDAC6i 

would to decrease HDAC activity in vitro and the mechanism(s) through which the HDAC6i 

exerts it inhibitory effect.  
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4.4. Materials and Methods 

4.4.1 Mice 

Female MRL/MpJ-Fas
lpr

 (MRL/lpr) and C57BL6 mice were obtained from Jackson 

Laboratories (Bar Harbor, ME, USA) and housed in the animal facility at the Virginia-Maryland 

Regional College of Veterinary Medicine (VMRCVM, Blacksburg, VA, USA). All mice were 

used in accordance with the Institutional Animal Care and Use Committee of Virginia Tech.  

 

4.4.2 Proteinuria 

Proteinuria was measured by a 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. 

 

4.4.3 Measurement of autoantibodies 

Sera were collected prior to euthanization at 12 and 20 weeks-of-age. The mice were 

anesthetized using isoflurane (Piramal Healthcare, Mumbai, Maharashtra, India) and cardiac 

puncture was used to collect blood. Blood was allowed to clot for 2 hours and then centrifuged 

for 15 min at 10,000xg. The levels of sera antibodies to dsDNA were measured by ELISA. Sera 

samples were added to the plate at a 1:100 dilution, followed by a two-fold serial dilution.   The 

plate was read at 380 nm on a Spectramax 340PC microplate spectrophotometer (Molecular 

Devices, Sunnyvale, CA, USA).  A final dilution of 1:400 was reported. 

 

4.4.4. Isolation of BM B cells 
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 BM cells were harvested from the tibias and femurs of MRL/lpr mice and age-matched 

C57BL/6 mice following euthanization. Briefly, BM cells were flushed in PBS with 1%BSA 

followed by RBC lysis by ammonium chloride potassium (ACK) lysing solution. B cells were 

isolated using the Dynal Mouse B Cell Negative Isolation Kit according to the manufacturer’s 

protocol (Invitrogen, Life Technologies, Grand Island, NY, USA).  Cells were resuspended in 

RNAlater (Quiagen, Valencia, CA, USA) and stored at -20°C until RNA isolation or used for 

cytoplasmic and nuclear extractions. 

 

4.4.5. Splenocyte isolation 

A single-cell suspension was obtained from the spleens of MRL/lpr mice and age-

matches C57BL/6 mice following euthanization. Briefly, the spleen was removed from each 

mouse and dissociated across a sterile wire mesh in a petri dish containing ice-cold PBS with 1% 

BSA. RBCs were lysed using RBC lysis buffer and cells were pelleted and washed with PBS. B 

cells were isolated using the Dynal Mouse B Cell Negative Isolation Kit according to the 

manufacturer’s protocol (Invitrogen, Life Technologies). T cells were isolated using the Treg 

isolation kit according to the manufacturer’s protocol (Miltenyi Biotec, Auburn, CA, USA). 

Cells were resuspended in RNAlater (QIAGEN) and stored at -20°C until RNA isolation or used 

for cytoplasmic and nuclear extractions. 

 

4.4.6. Isolation of glomerular cells 

Following euthanization, the glomeruli were removed from MRL/lpr mice and were 

pooled for mesangial cell isolation.  This procedure was repeated three separate times for each 

group.  Briefly, the cortical tissue was isolated from one kidney of each mouse and pooled by 
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group. Next, cortical tissue was pressed through grading sieves (180, 150, and 75 µm mesh) and 

resuspended in 750 U/mL Worthington type I collagenase at 37°C for 20 min. Glomerular cells 

were pelleted, resuspended in RNAlater (QIAGEN), and stored at -20°C until RNA isolation or 

used for cytoplasmic and nuclear extractions. 

 

4.4.7. Isolation of RNA 

RNA was isolated using the mirVana miRNA isolation kit according to the 

manufacturer’s protocol (Applied Biosystems, Carlsbad, CA, USA).  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 RT-PCR.  The eluted RNA was stored at -80°C. 

 

4.4.8. Real-time RT-PCR 

HDAC6, HDAC9, and HDAC10 mRNA expression were measured using TaqMan Gene 

Expression assays (Applied Biosystems, Carlsbad, CA, USA).  The ΔCT was calculated using the 

endogenous control GAPDH, and then the ΔΔCT was determined by calculating the fold change 

in expression between MRL/lpr mice and age-matched control mice.  All samples were run in 

triplicate. 

 

4.4.9. Nuclear and cytoplasmic extraction 

Isolated BM B cells, splenic B and T cells, and glomerular cells were lysed and separate 

cytoplasmic and nuclear protein fractions were extracted using the NE-PER Nuclear and 

Cytoplasmic Extraction Reagents (Thermo Scientific) according to the manufacturer’s protocol. 
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4.4.10. Cell Culture 

 

 A mouse mesangial cell line (MES 13) transgenic for SV40 was cultured in 75-mm
2
 

culture flasks at 37°C in 5% CO2 in DMEM and Ham’s F12 medium with 14 mM HEPES (3:1), 

supplemented with 10% FBS and 1% streptomycin-penicillin solution (Cellgro, Manassas, VA, 

USA).  LPS (1 μg/mL) (Sigma-Aldrich, St. Louis, MO, USA) and IFN-γ (100 ng/mL) 

(Cedarlane Laboratories Limited, Burlington, NC, USA) were used to induce immune 

stimulation in mesangial cells. MES 13 cells were treated with varying concentrations of ACY-

738 (1, 2, 5, 10 or 100 nM) in order to determine the level of acetylated H3 or α-tubulin for 24 

hours.  In order to determine the level of Hsp90 acetylation and iNOS protein, MES 13 cells 

were treated with varying concentrations of ACY-738 (0.5, 1, or 5 nM) for 2 hours followed by 

24 hours of stimulation with LPS/IFN-γ. MES 13 cells were treated with ACY-738 (5 nM) for 2 

hours and stimulated with LPS/IFN-γ for 15, 30, or 60 mins for nuclear extraction in order to 

determine the effect of HDAC6 inhibition on NFκB. 

 

4.4.11 Immunoprecipitation 

To determine the level of HDAC6 activity in BM, splenic, and glomerular cells from 

MRL/lpr and C57BL/6 mice, HDAC6 protein was immunoprecipitated as previously published 

[22]. The immunoprecipitated protein was then subjected to the HDAC activity assay. To 

determine the effect of HDAC6 inhibition on Hsp90 acetylation in mesangial cells, Hsp90 

protein was immunoprecipitated and then subjected to Western blot analysis for acetylated 

lysines (Cell Signaling).   
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4.4.12. Western blot analysis 

In order to determine the specificity of ACY-738 for HDAC6, α-tubulin and histone H3 

acetylation was determined using Western blot analysis. Briefly, cells were lysed and the 

Bradford protein assay was used to normalize protein levels. 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 lysines, acetylated α-

tubulin, acetylated histone H3, histone H4, iNOS, NF-κB, or β-actin (Cell Signaling, Boston, 

MA, USA). All experiments were run in triplicate. 

 

4.4.13. HDAC activity assay 

The HDAC activity colorimetric assay kit (Bio Vision, USA) was used according to the 

manufacturer’s protocol to determine the level of HDAC activity in freshly isolated B, T, and 

glomerular cells. Briefly, nuclear and cytoplasmic cell lysates were incubated with the HDAC 

colorimetric substrate followed by treatment with the lysine developer. The plate was read at 405 

nm on a Spectramax 340PC microplate spectrophotometer.  

 

4.4.14 Pre-B colony formation assay 

A single-cell suspension of BM cells was obtained from 8-week-old MRL/lpr mice as 

described earlier. Isolated BM cells were mixed with Methocult M3630 medium (StemCell 

Technologies, Vancouver, Canada) in a 1:10 (v/v) ratio according to the manufacturer’s protocol. 

Cells were plated in triplicate in pre-tested culture dishes and incubated in a humidified incubator 
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at 37°C and 5% CO2. Colonies were counted and then collected for Western blot analysis after 8 

days of culture. 

 

4.4.15. Statistical analysis 

Statistical analysis was performed using Student’s unpaired t-test (two-tailed). When 

three or more independent groups were compared a one-way ANOVA was used followed by 

Tukey’s post-test. P values less than 0.05 were considered statistically significant.  
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4.5. Results  
 

4.5.1 MRL/lpr mice had significant disease activity compared to control mice. 

Female MRL/lpr mice develop an autoimmune inflammatory disease that reflects lupus 

pathologies including proteinuria, autoantibody production, and glomerulonephritis by 18 weeks-

of-age [23]. MRL/lpr mice and age-matched controls were evaluated for SLE markers of disease 

including splenomegaly, proteinuria, autoantibody production, and glomerulonephritis. Spleen 

weight and spleen:body weight were significantly higher in the 20-week-old MRL/lpr mice 

compared to age-matched controls and the 12-week-old MRL/lpr mice (Figure 1 A – B). When 

compared to age-matched control mice, the 20-week-old MRL/lpr mice had significantly higher 

proteinuria (Figure 1 C). The sera were analyzed for autoantibody production using an ELISA 

for anti-dsDNA. We found that the 12 and 20-week-old MRL/lpr mice had significantly higher 

sera anti-dsDNA production compared to age-matched C57BL/6 mice (Figure 1 D – E).  
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Figure 1 Identification of disease progression in MRL/lpr mice. Hallmarks of SLE disease 

were evaluated at 12 or 20 weeks-of-age prior to euthanization in MRL/lpr mice and age-

matched control mice. (A) Proteinuria was significantly higher in the lupus prone-mice at 20 

weeks-of-age compared to control mice. (B) Following euthanization average spleen weight was 

determined by group. (C) Spleen:body weight ratio was calculated and multiplied by 100. 

MRL/lpr mice had decreased spleen:body weight ratio. (D-E) Anti-dsDNA was significantly 

higher in MRL/lpr mice at 18 weeks-of-age (n ≥ 6; *p < 0.05, ** p < 0.01, ***p < 0.001). 
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4.5.2 ACY-738 selectively increases α-tubulin acetylation levels in vitro.   

 Following HDAC6 inhibition, α-tubulin becomes acetylated [24]. Histone H3 becomes 

hyperacetylated following inhibition of class I HDACs [25].  In order to determine the 

concentration at which ACY-738 selectively inhibits HDAC6 without inhibiting class I HDACs, 

Western blot analysis was performed to determine α-tubulin and histone H3 acetylation levels. 

Mesangial cells were cultured and treated with increasing concentrations of ACY-738 for 24 hrs. 

We found that ACY-738 at 5 nM was able to significantly increase the level of α-tubulin 

acetylation while having little to no effect on acetylation on histone H3 (Figure 2). 

 

Figure 2 ACY-738 treatment increases α-tubulin acetylation. Treatment of mesangial cells 

with a selective HDAC6i increased α-tubulin acetylation in a concentration dependent manner. 

At the 5 nM concentration, ACY-738 treatment for 24 hrs was able to increase α-tubulin 

acetylation without increasing the acetylation of the H3 histone. All experiments were run in 

triplicate. 

 

Acetyl histone H3 (K9) 
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4.5.3. HDAC expression is altered in diseased MRL/lpr mice. 

 Class IIb HDACs may serve as potential therapeutic targets for the treatment of SLE, due 

to their regulation of Hsp90 [12, 15]. Increased Hsp90 levels during SLE have been associated 

with an increase in IL-6, B cell activation and autoantibody production [26]. HDAC9, a class IIa 

HDAC, may also play an important role in SLE pathogenesis due to its regulation of Treg cells 

and Hsp90 acetylation [20, 27, 28]. Relative mRNA expression levels of the class IIb HDACs 6, 

9, and 10 were determined using real time RT-PCR (Figure 3). B cells isolated from the BM of 

12- and 20-week-old MRL/lpr mice had significantly higher mRNA expression of HDACs 6 and 

9 when compared to age-matched C57BL/6 mice. However, there were no significant differences 

in the expression of HDAC10 between lupus-prone mice and control mice (Figure 3 A). 

Expression of HDACs 6, 9, and 10 were increased in splenic B cells from diseased MRL/lpr 

mice; however, there were no significant differences between HDAC expression levels between 

MRL/lpr mice in an early or late disease state (Figure 3 B).  

Next, we examined the level of HDAC expression in splenic T cells as naïve CD4
+
 T cell 

differentiation has been shown to be dysregulated during SLE [29]. SLE patients and murine 

models have an imbalance between the Th1 and Th2 phenotypes as well as an increase in the 

number of Th17 cells and a decrease in Treg cell function [7, 30, 31]. In T cells isolated from the 

spleens of MRL/lpr mice, expression of HDACs 6 and 9 were all significantly increased 

compared to age-matched control mice. Furthermore, the greatest difference in mRNA 

expression was determined to be with HDAC9 (Figure 3 C).  

The glomerulus is a capillary tuft at the beginning of the nephron that functions to filter 

blood. Proper glomerular filtration is maintained by the glomerular basement membrane through 

the interaction of podocytes, endothelial cells, and mesangial cells. During SLE circulating ICs 
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become lodged in the glomeruli resulting in inflammation and if unresolved can result in renal 

failure. Therefore, we also examined HDAC expression in glomerular cells. We found that 

glomerular cells from MRL/lpr mice had significantly higher HDAC6 and HDAC9; however, 

there was no significant difference in HDAC10 expression compared to age-matched control 

mice (Figure 3 D).   

Figure 3 HDAC6, 9, and 10 expression in immune cells from 12- and 20-week-old lupus and 

non-lupus mice. Real-time RT-PCR was used to determine expression of HDACs 6, 9, and 10 in 

B cells, T cells, and glomerular cells from lupus and control mice. (A) BM B cells from MRL/lpr 

mice had significantly higher expression of HDAC6 and HDAC9 mRNA compare to age-

matched, healthy C57BL/6 mice; however, there were no significant differences in the 
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expression of HDAC10.  (B) HDAC6 and HDAC10 were significantly higher expressed in B 

cells isolated from the spleens of MRL/lpr mice.  (C-D) Similarly to the BM B cells, splenic T 

cells and glomerular from the lupus-prone mice had increased expression of HDACs 6 and 9, but 

no significant differences in the expression of HDAC10 were noted (n ≥ 6; *p < 0.05, ** p < 

0.01). 

 

4.5.4. Nuclear and cytoplasmic HDAC activity is increased in diseased lupus-prone mice. 

 Specific HDAC isoforms can be found in the nucleus alone, the cytoplasm alone, or in 

both the nucleus and the cytoplasm. The class IIb HDACs (HDAC6 and HDAC10) are found 

only in the cytoplasm, whereas HDAC9 shuttles between the nucleus and the cytoplasm based on 

HDAC activity. We sought to determine whether or not there was an increase in HDAC activity 

in immune-associated tissues as well as whether activity was primarily cytoplasmic or nuclear. A 

HDAC activity assay was used in order to determine the level of HDAC activity in B, T, and 

glomerular cells. We found that HDAC activity was significantly greater in BM B cells, splenic 

B and T cells, and glomerular cells isolated from MRL/lpr mice compared to age-matched 

C57BL/6 mice (Figure 4). We found no significant difference in the cytosolic levels of HDAC 

activity, while the nuclear fraction showed significantly elevated HDAC activity in both early 

and late diseased mice (Figure 4 A). B cells from the spleen of both early- and late-diseased 

MRL/lpr mice had significantly increased levels of both cytoplasmic and nuclear HDAC activity 

when compared to age-matched controls, with nuclear HDAC activity showing the greatest 

differences (Figure 4B).   

Targeting of different HDAC isoforms, including HDAC6 and HDAC9, has been 

demonstrated to increase Treg cell function through a number of different mechanisms [13, 27] . 
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We examined the level of HDAC activity in Treg cells and CD4
+
CD25

-
 T cells from diseased 

lupus mice in order to determine association between SLE disease and Treg HDAC activity. 

(CD4
+
CD25

+
) cells and CD4

+
CD25

-
 T cells were isolated from the spleens of MRL/lpr and 

C57BL/6 mice. Our study showed that Treg cells had more HDAC activity than CD4
+
CD25

-
 T 

cells regardless of mouse strain or age. However, the Treg cell HDAC activity was significantly 

greater in the MRL/lpr mice compared to age-matched healthy control mice. Similarly to B cell 

HDAC activity, Treg cell cells had greater nuclear HDAC activity; however, we also found an 

increase in the cytoplasmic Treg HDAC activity (Figure 4 C). Furthermore, significantly elevated 

HDAC activity was found in glomerular cells from MRL/lpr mice in cytoplasmic and nuclear 

fractions of early- and late-disease animals compared to age-matched controls (Figure D). 
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Figure 4 HDAC activity is increased in B, T, and glomerular cells in 12- and 20-week-old 

lupus mice compared to non-lupus controls. An HDAC activity assay was used to assess 

HDAC activity in B cells, T cells, and glomerular cells from lupus and control mice. (A) In B 

cells isolated from the BM of 20-week-old MRL/lpr mice, there was a significant increase in 

nuclear cytoplasmic activity when compared to C57BL/6 mice; however, there was no 

significant difference in the level of HDAC activity at 12 weeks-of-age. BM B cells from 

MRL/lpr mice did not have significantly more cytoplasmic HDAC activity. (B) The level of both 

cytoplasmic and nuclear HDAC activity was significantly increased in splenic B cells from 

lupus-prone mice when compared to healthy, age-matched controls. (C) Treg cells isolated from 

the spleens of MRL/lpr mice had significantly higher nuclear and cytoplasmic HDAC activity 

compared to age-matched controls. Treg HDAC activity did not continue to further increase ad 

disease progressed in MRL/lpr mice. (D) Both cytoplasmic and nuclear HDAC activity was 

increased in glomerular cells from SLE mice. As the mice aged from 12 to 20 weeks-of-age and 

diseased progressed, HDAC activity continued to increase in glomerular cells from MRL/lpr 

mice (n ≥ 6; *p < 0.05, ** p < 0.01, *** p <0.001). 

 

4.5.5. HDAC6 activity is increased in diseased MRL/lpr mice. 

 Due to our results showing that HDAC6 expression was elevated in BM B cells, splenic 

T cells, and glomerular cells from MRL/lpr mice, we sought to determine whether there was a 

specific increase in HDAC6 activity in these mice. In order to determine the level of HDAC6 

activity, HDAC6 protein was immunoprecipitated from isolated B, T, and glomerular cells and 

nuclear and cytoplasmic fractions and subjected to the HDAC activity assay. We found that 

HDAC6 activity was primarily cytoplasmic; however, some HDAC6 nuclear activity was present 
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in isolated B, T, and glomerular cells (Figure 5). HDAC6 activity was significantly higher in 

MRL/lpr mice compared to C57BL/6 mice. Furthermore, B, T, and glomerular cells isolated 

from 20-week-old MRL/lpr mice had significantly higher HDAC6 activity than 12-week-old 

MRL/lpr mice indicating an association between HDAC6 activity and disease progression 

(Figure 5).  

 

Figure 5 HDAC6 activity is increased in splenic B cells and glomerular cells in 12- and 20-

week-olf MRL/lpr mice compared to C57BL/6 controls. HDAC6 was immunoprecipitated 
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from isolated B, T, and glomerular cells and subjected to an HDAC activity assay. (A) There 

were no significant differences in HDAC6 activity in B cells isolated from the BM of MRL/lpr 

and C57BL/6 mice. (B) Splenic B cells had significantly higher cytoplasmic HDAC6 activity 

from lupus-prone mice at 20 weeks-of-age. There were no significant differences in the 

cytoplasmic HDAC6 activity at 12 weeks-of-age or in the nuclear HDAC activity. (C) Treg cells 

(D) Cytoplasmic HDAC6 activity was increased in glomerular cells isolated from MRL/lpr mice 

regardless of age. HDAC6 activity continued to increase in glomerular cells as disease 

progressed in the lupus-prone mice (n ≥ 6; *p < 0.05, ** p < 0.01). 

 

4.5.6 HDAC6 inhibition primarily decreases cytoplasmic HDAC activity in B, T, and 

glomerular cells. 

 In order to assess the ability of a selective HDAC6i to inhibit nuclear and cytoplasmic 

HDAC activity; isolated BM B cells, splenic B and T cells, and glomerular cells were treated 

with a class I and II HDACi, Trichostatin A(TsA), or an HDAC6i, ACY-738. A concentration of 

5 nM was selected for use in these experiments, due to our previous study indicating that at 5 

nM, ACY-738 is able to increase α-tubulin acetylation without increasing acetylation of histone 

H3 indicating selectivity for HDAC6. We selected a 1 μM concentration of TsA for use in these 

studies based off of previously published work indicating that TsA (1 μM) was able to inhibit 

class I and II HDACs at this concentration [32]. Not surprisingly, we found that ACY-738 (5 

nM) had a greater inhibitory effect on the cytoplasmic fractions from isolated B, T, and 

glomerular cells. A 1 μM concentration of TsA was selected due to previous studies indicating 

its ability to decrease class I and II HDACs and decrease HDAC activity at this concentration 

[33, 34]. TsA (1 µM) was able to inhibit HDAC activity in both cytoplasmic and nuclear 
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fractions regardless of mouse strain or age. The ability of ACY-738 to inhibit HDAC activity 

was not dependent upon the age or strain of mouse or on the cell type (Figure 6). 

Figure 6 Cytoplasmic HDAC activity is decreased with selective HDAC6 inhibition while 

cytoplasmic and nuclear activity is decreased following pan-HDACi therapy. Isolated cells 

were treated with class I and II HDACi, TsA, or the HDAC6 selective inhibitor, ACY-738. (A-

D) ACY-738 (5 nM) was able to decrease cytoplasmic HDAC activity in BM B cells, splenic B 

and T cells, and glomerular cells. Treatment with TsA (1 μM) was able to significantly decrease 

both nuclear and cytoplasmic HDAC activity in both MRL/lpr and C57BL/6 mice (n ≥ 6; *p < 

0.05, **p < 0.01, ***p<0.001). 
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4.5.7 In vitro inhibition of HDAC6 in mesangial cells results in inhibition of Hsp90 and a 

decrease in NFκB nuclear translocation.  

Hyperacetylation of Hsp90 results in a decrease in Hsp90 function by limiting its chaperone 

activity. HSp90 activity is required for the proper folding of a number of client proteins, 

including IKK, a key component of the IκB signaling pathway and NF-κB nuclear translocation. 

Lack of Hsp90 activity results in misfolded IKK and its subsequent degradation, thereby, 

preventing NF-κB nuclear translocation [35, 36]. Sera levels of Hsp90 have been proven to be 

elevated in SLE patients and approximately 50% of patients generate anti-Hsp90 autoantibodies. 

Some SLE patients have glomerular deposits of Hsp90 and elevated Hsp90 levels have been 

correlated to IL-6 production and severity of glomerulonephritis [26]. Mesangial cells are the 

primary resident immunoregulatory cells found in the glomerulus and act to maintain proper 

glomerular filtration [37]. Our study showed that treatment of mesangial cells with ACY-738 

resulted in an increase in Hsp90 acetylation (Figure 7A). HDAC6 inhibition also resulted in a 

decrease in iNOS protein (Figure 7B), which previous studies have shown is upregulated in the 

kidneys from SLE patients and mice with active disease [38, 39].  

 During SLE, NFκB regulates both B and T cell development as well as T cell activation. 

NFκB controls the immune response through regulation of inflammatory cytokine gene 

expression. During SLE, increased nuclear translocation of NFκB leads to increased iNOS and 

IL-6 production and a pro-inflammatory environment in the mesangium [40]. Our results showed 

that nuclear levels increased in a time-dependent manner from 0 - 60 mins; however, treatment 

with ACY-738 reduced nuclear levels of NFκB in cultured mesangial cells (Figure 7 C). 
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Figure 7 HDAC6 inhibition alters mesangial cell protein expression in vitro. (A-B)Western 

blot analysis showing a decrease in iNOS and Hsp90 protein levels in mesangial cells stimulated 

with LPS/IFN-γ for 24 hours following treatment with ACY-738. (C) ACY-738 (5 nM) 

treatment was also able to decrease the nuclear levels for NF-κB following LPS/IFN-γ-

stimulation of mesangial cells in a time dependent manner Nuclear levels of NF-κB. All 

experiments were run in triplicate (n ≥ 3; *p < 0.05). 
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4.5.8. In vitro inhibition of HDAC6 in BM pre-B cells results in a pro-apoptotic 

environment. 

During lymphopoiesis, B cells in the BM pass through two main stages: pro-B and pre-B. 

Previous research has shown that B cell development during the pre-B phase is dysregulated in 

lupus-prone mice [41]. The pre-B cell dysregulation correlated to SLE disease activity and was 

corrected following treatment with the selective HDAC6i, ACY-738. Pre-B cells were cultured 

using the Methocult assay and CFUs were counted. Treatment of pre-B cells with ACY-738 

reduced the average number of CFUs formed after 7 days of culture (Figure 8A). Cells were 

collected and subjected to Western blot analysis for the apoptosis associated Bax and Bcl-2 

proteins. Treatment of ACY-738 increased the level of Bax, without altering Bcl-2 expression 

(Figure 8B). Bax expression is known to promote apoptosis, while Bcl-2 is a known inhibitor of 

apoptosis.  
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Figure 8 Apoptotic markers are increased in pre-B cells following treatment with ACY-

738. Pre-B cells were cultured using a Methocult assay in the presence or absence of IL-7 and 

ACY-738. (A) ACY-738 inhibited the growth of pre-B cells in vitro when treated with IL-7. (B) 

Cultured pre-B cells subjected to Western blot analysis were found to have increased Bax 

protein. (C) The Bcl-2:Bax ratio was determined using densitometric analysis. Treatment with 

ACY-738 decreased the Bcl-2:Bax ratio in cultured pre-B cells. All experiments were run in 

triplicate (n ≥ 6; *p < 0.05, **p < 0.01, ***p<0.001). 
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4.6. Discussion 

 

We found that expression of class II HDACs (6 and 9) as well as HDAC activity was 

upregulated in diseased MRL/lpr mice compared to healthy control mice. Conversely, we found 

that HDAC10 had a significant decrease in expression in BM B cells from MRL/lpr mice, but no 

significant differences in splenic or glomerular cells when compared to non-lupus controls. As 

disease progresses in MRL/lpr mice, expression of HDACs (6 and 9) and HDAC activity 

continued to increase in the immunoregulatory cells examined. However, there was no 

significant difference in the level of HDAC10 mRNA expression between lupus and non-lupus 

mice except in BM B cells where it was significantly decreased. Furthermore, both nuclear and 

cytoplasmic HDAC activity was increased in BM B cells, splenic B and T cells, and glomerular 

cells. HDAC6 activity was found to be primarily cytoplasmic and most significantly increased in 

20-week-old MRL/lpr mice. Treatment with the specific HDAC6i, ACY-738 (5 nM), was found 

to primarily decrease cytoplasmic HDAC activity, whereas treatment with TsA (1µM) decreased 

both nuclear and cytoplasmic HDAC activity. Inhibition of HDAC6 in mesangial cells led to a 

decrease in Hsp90 as well as a decrease in nuclear levels of NFκB. ACY-738 was able to inhibit 

pre-B cell proliferation through increased Bax expression in vitro. Taken together these results 

suggest that HDAC6 inhibition is able to decrease cytoplasmic HDAC activity through 

regulation of NFκB and Hsp90 in glomerular cells and through regulation of the Bcl-2:Bax ratio 

in pre-B cells from the BM.  

 To date there have been relatively few studies on the role of HDAC10 and its expression 

during disease. HDAC10 is a class IIb HDAC that resides in both the nucleus and the cytoplasm 

[42]. The role of HDAC10 in the cytoplasm remains to be determined; however, it has been 

shown to be a transcriptional modulator in the nucleus [43]. We found that expression of 
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HDAC10 was not significantly different splenic B and T cells and glomerular cells from 

MRL/lpr mice compared to age-matched controls. Interestingly, we found that HDAC10 

expression was downregulated in BM B cells, which warrants further investigation. However, 

HDAC10 expression was not altered with increased disease activity. These data suggest that 

HDAC10 may not be a major factor in SLE disease.  

We have previously published that HDAC9 deficient MRL/lpr mice have decreased 

disease activity suggesting a role for HDAC9 in SLE pathogenesis [18]. HDAC9 has been 

implicated in the regulation and the suppressive function of Treg cells [27]. Our studies showed 

that HDAC9 was most significantly overexpressed in splenic T cells. Due to the aberrant T cell 

development associated with SLE, we examined HDAC activity in splenic T cells. Specifically, 

we compared the HDAC activity of CD4
+
CD25

-
 T cells and Treg cells, which have decreased 

immunosuppressive function in SLE patients and murine models of disease [44]. We found Treg 

cells had increased HDAC activity regardless of the strain or age of the mouse when compared to 

CD4
+
CD25

-
 T cells.  HDAC9 is thought to inhibit Foxp3 function and that the nuclear export of 

HDAC9 is required for optimal Treg suppressive function [14]. Once bound to Foxp3, HDAC9 

decreases acetylation levels of Foxp3 resulting in increased polyubiquitination, proteasomal 

degradation, and therefore decreased Foxp3 stability and function [45]. Overexpression of 

HDAC9 by splenic T cells may contribute to the decrease in Treg cell number and function 

associated with MRL/lpr mice [46]. HDAC activity in Treg cells from lupus-prone mice was 

found to be both nuclear and cytoplasmic, suggesting a role for HDACs that are both nuclear and 

cytoplasmic in nature in the regulation of Treg cells.  

HDAC6 is a class IIb HDAC with a structure to HDAC9; however, HDAC6 primarily 

resides in the cytoplasm. Substrates of HDAC6 include α-tubulin and Hsp90, which become 
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deacetylated when HDAC6 catalyzes the removal of acetyl groups [26, 36]. We investigated the 

level of HDAC6 expression in immune cells isolated from early- and late-disease lupus-prone 

mice due to the role of HDAC6 in cell development and regulation of gene transcription. Studies 

with HDAC6 KO mice have shown a role for HDAC6 in T cell survival and activation 

specifically as a negative regulator of Tregs [15].  We found that HDAC6 was overexpressed in 

BM B cells, splenic B and T cells, and glomerular cells from diseased MRL/lpr mice. 

Furthermore, when HDAC6 was isolated from these immune cells, we found that HDAC6 

activity was increased in both B and T cells from diseased lupus mice. These results suggest that 

HDAC6 may play a role in the dysregulation of both B and T cell development during SLE.   

Since HDAC6 was overexpressed in all of the immune cells isolated from MRL/lpr mice, 

we tested whether a specific HDAC6i would be able to decrease HDAC activity in vitro. At a 5 

nM concentration, ACY-738 significantly increased α-tubulin acetylation without significantly 

altering acetylation of histone H3. Furthermore, B, T, and glomerular cells treated with ACY-

738 had significantly decreased cytoplasmic HDAC activity while having no significant effect on 

nuclear HDAC activity.  These results suggest that ACY-738 is selective for HDAC6 over class I 

HDACs at a 5 nM concentration.  

Glomerulonephritis is the leading cause of morbidity and mortality in SLE patients [47]. 

We found that HDAC6 was overexpressed in glomerular cells from diseased MRL/lpr mice. 

Furthermore, isolated glomerular cells from MRL/lpr mice had a cytoplasmic increase in HDAC 

activity. Since HDAC6 is found in the cytoplasm, these results suggest that HDAC6 

overexpression may contribute to SLE renal pathology. In vitro immune stimulation of 

mesangial cells by LPS/IFN-γ led to increased activation of NF-κB in a time-dependent manner. 

HDAC6 inhibition by ACY-738 (5 nM) was found to decrease nuclear translocation of NFκB in 
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immune-stimulated mesangial cells. When NF-κB is activated, it is translocated into the nucleus 

allowing for gene regulation [48]. We also found that HDAC6 inhibition decreased Hsp90 in a 

concentration-dependent manner in cultured mesangial cells. Decreased Hsp90 production 

results in inhibition of Hsp90 chaperone function and proteosomal degradation of Hsp90 client 

proteins [49]. Furthermore, Hsp90 plays a role in activation of lymphocytes and antigen 

presentation and has been demonstrated to be elevated in the serum from SLE patients. During 

SLE, elevated Hsp90 levels have been correlated to IL-6 and autoantibody production suggesting 

that Hsp90 may contribute to disease progression [26]. Hsp90 plays a key role in the induction of 

iNOS and is required for transcriptional factor binding to iNOS promoters [50]. NFκB is a 

known inducer of iNOS and when Hsp90 is inhibited there is a subsequent reduction in the 

ability of NF-κB to induce iNOS expression [50]. 

 We have found that pre-B cell development is dysregulated in lupus-prone mice [41]. 

When pre-B cells were cultured from a single-cell suspension isolated from the BM, treatment 

with ACY-738 inhibited the formation of pre-B cell CFUs. Furthermore, treatment with this 

selective HDAC6i increased the pro-apoptotic protein, Bax, without altering expression of the 

apoptosis inhibitor, Bcl-2. During SLE the ratio of Bcl-2:Bax has been shown to be increased in 

lymphocytes suggesting a role of decreased apoptosis in SLE pathogenesis [51]. The elevated 

ratio of Bcl-2:Bax in lymphocytes from SLE patients is believed to contribute to the survival of 

autoreactive B cells that produce pathogenic autoantibodies [52]. The ability of HDAC6 

inhibition to decrease the ratio of Bcl-2:Bax in pre-B cells may help to increase the removal of 

autoreactive B cells during active SLE.   

  Altered histone acetylation has recently been implicated in the pathogenesis of a number 

of diseases including cancer, cardiac hypertrophy, diabetes, and multiple sclerosis [53-55]. 
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Studies have suggested that treatment of SLE with HDAC inhibitors may be able to correct 

aberrant B and T cell development. SLE is a chronic autoimmune disease requiring long-term 

treatment [56]. Use of pan-HDAC inhibitors may not be optimal in SLE as unwanted side effects 

may arise with long-term treatment, therefore the development of isoform-selective HDAC 

inhibitors for the treatment of lupus to specifically target abnormal immune cells is preferred [16, 

57]. Our results suggest that overexpression of HDAC mRNA and HDAC activity in B, T, and 

glomerular cells contributes to disease in MRL/lpr lupus-prone mice. We found that HDAC6 

inhibition by ACY-738 is able to decrease Hsp90 expression while inhibiting NFκB nuclear 

translocation. Taken together these data suggest that inhibition of specific HDAC isoforms may 

be beneficial in the treatment of SLE and that further studies are warranted to determine their 

efficacy. 
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5.2. Proposed experiments 

We have recently shown altered differentiation of B cell Hardy fractions in diseased New 

Zealand Black/White (NZB/W) mice. Furthermore, preliminary experiments demonstrate the 

ability of histone deacetylase (HDAC) 6 inhibition to correct aberrant BM B cell differentiation 

in lupus-prone mice to patterns similar to healthy mice. We have also shown that HDAC6 is 

overexpressed in B, T, and glomerular cells in diseased lupus mice, suggesting a role for HDAC6 

in SLE pathogenesis. Future experiments will aim to elucidate the mechanism(s) through which 

HDAC6 inhibition alters development progression of BM B cells.  

Our current studies have shown that inhibition of HDAC6 leads to hyperacetylation of α-

tubulin, a major constituent of microtubules [1-3]. Future experiments will aim to determine the 

effect of α-tubulin acetylation on the developmental progression of BM B cells from pre-

diseased NZB/W mice. We will seek to define the role of α-tubulin acetylation on microtubule 

structure and stabilization in B cells and determine whether HDAC6 inhibition can alter B cell 

differentiation independent of α-tubulin acetylation. Microtubules, which consist of α-and β-

tubulin, play an important role in cell structure and shape [4, 5]. Due to the importance of 

stromal cell contact with B cells during BM development, we believe that altered microtubule 

stability may affect the ability of B cells to make contact with stromal cells. B cells not only 

require contact with the stroma, but are also stimulated by stromal cell production of growth 

factors including IL-7 and stem cell factor (SCF) [6]. Preliminary experiments have shown that 

diseased NZB/W mice have decreased numbers of late pro-B/early pre-B cells and an 

accumulation of mature fraction F pre- B cells. The differential development may be explained 

by alteration in stroma-B cell interactions. Acetylation of α-tubulin has been demonstrated to 

increase the stability of microtubules leading to altered stromal cell contact [7].  
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As B cells undergo development, the status of their Ig gene rearrangements change [8]. 

Due to preliminary experiments indicating altered distribution of B cells in developmental Hardy 

fractions along with reversal following HDAC6 inhibition, we believe that α-tubulin acetylation 

may affect expression of genes involved with various stages of B cell development. For B cells 

plated in direct contact with stromal cells the % adhesion will be determined in order to evaluate 

whether α-tubulin hyperacetylation alters the ability of B cells to bind to and interact with 

stromal cells. Cytokine production will be measured from the media of cells in direct contact 

with the stroma, and cells separated by the transwell diffusion chamber. The presence of IL-7 

and SCF, required growth factors for B cell development, will be determined using enzyme 

linked immunosorbent assay (ELISA) to evaluate the effect of HDAC6 inhibition as well as 

stromal cell contact on cytokine production. B cells will be collected following 4 days of 

treatment and sorted into Hardy developmental fractions in order to determine the effect of direct 

stromal cell contact. α-tubulin will be mutated at its acetylation site, lysine 40 , to alanine in 

order to prevent acetylation of α-tubulin in order to determine whether α-tubulin acetylation is 

needed for the alterations in BM B cell differentiation following HDAC6 inhibition. These 

studies will show whether or not HDAC6 inhibition alters B cell development through altered 

stromal cell contact and whether or not any changes in B cell development are dependent upon 

α-tubulin acetylation.   

Apoptosis is required for the development and proper functioning of the immune system. 

During B cell lymphopoiesis, apoptosis is critical for the deletion of B cells with nonfunctional 

and self-reactive antigen receptors [8].  B lymphocytes differentiate from HSCs within the bone 

marrow where their development is regulated by both positive and negative selection [9]. Gene 

rearrangement to produce a vast B cell repertoire is imprecise and requires regulation [10]. In 
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healthy individuals when autoreactive B cells are generated they are signaled for removal during 

B cell development in the bone marrow [11]. During SLE, these B cells are able to bypass 

apoptosis and continue to develop and differentiate into mature autoantibody producing B cells 

[12]. Preliminary experiments have shown that there is an accumulation of immature B cells in 

the BM of diseased NZB/W mice. Treatment with an HDAC6i was able to significantly decrease 

the percentage of cells in this developmental subset. The accumulation of immature B cells may 

indicate a failure in apoptotic mechanisms to remove autoreactive B cells during development in 

SLE. This apoptotic failure may be due to dysregulation of apoptotic regulators including BCL-2 

family proteins and p53. P53 has been demonstrated to be non-functional in humans with active 

SLE [13].  

We will seek to characterize the effect of HDAC6 inhibition on pro- and pre-B cell 

apoptosis in the BM. Our preliminary data indicate altered BM B cell differentiation in diseased 

NZB/W mice resulting in an abnormal distribution of B cells in developmental stages. 

Furthermore, our data indicate that treatment with an HDAC6i is able to reverse the abnormal 

percentage of cells in the pro- and pre-B cell developmental Hardy fractions. Inhibition of 

HDAC6 may be able to affect BM differentiation patterns by altering apoptosis of specific B cell 

Hardy subsets. The rates at which precursor B cells undergo apoptosis at successive stages of 

differentiation in normal, healthy mouse BM has been well defined by Osmond et al [14]. We 

plan to determine if treatment with an HDAC6i is able to alter these apoptotic trends in B cells 

from the BM of lupus-prone mice.  Our studies will define the apoptotic index and rate of BM 

Hardy fractions following HDAC6 inhibition.  
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We also plan to examine the effect of HDAC6 inhibition on pro- and anti-apoptotic gene 

and protein expression. If we determine the apoptosis to be significantly altered in the BM by 

HDAC6 inhibition we will seek to determine whether apoptosis in the BM is caspase dependent. 

We will look at Bax and Bcl-2 in order to determine the Bax/Bcl-2 ratio. The Bax protein is a 

member of the bcl-2 family that promotes apoptosis. The ratio of Bcl-2 to Bax determines the 

susceptibility of a cell to apoptosis. Conversely, the Bcl-2 protein is a known inhibitor of 

apoptosis [15]. The Bcl-2to Bax ratio is significantly higher during active SLE, which may 

support the survival of autoreactive B cells [16]. We will also seek to determine the expression 

of activated caspases, particularly, caspase-3. Activation of caspase-3 is the critical step in 

determining whether or not a cell will undergo apoptosis [17]. When caspase-3 becomes 

activated it initiates a chain reaction and at this point it becomes impossible to reverse 

commitment to apoptosis [18]. Caspase activation is known to be dysregulated during SLE [19]. 

These studies would determine whether HDAC6 inhibition is able to alter B cell development in 

the BM through altered apoptosis. 
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