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Atherosclerosis is a chronic disease involving multiple cells in the arterial wall, including
monocytes/macrophages, vascular smooth muscle cells (VSMC), and endothelial cells that
are activated by immune responses. It is thus clear that inflammation is a critical player in
the pathogenesis of atherosclerosis and its complications, including stroke and myocardial
infarction. Inflammatory processes contribute to all stages of the disease, including plaque
stability and thrombosis. Targeting inflammation for atherosclerosis treatment is a major
clinical endeavor, and, despite the success of statins, there is still an unmet need for
additional therapies. Furthermore, atherosclerosis has strong genetic susceptibility, with
genome-wide association studies (GWAS) identifying several risk loci. However, the
specific causal variants, their target genes, cell types affected, and mechanisms of action in
atherosclerosis are not very clear.

The histone deacetylase 9 (HDAC9) has been implicated in lipid metabolism, progression of
atherosclerosis, and macrophage polarization via alterations in histone acetylation at target
genes?3. GWAS revealed several genetic variants in the HDAC9 locus are associated with
multiple vascular diseases, including myocardial infarction, stroke, atherosclerotic aortic
calcification, and peripheral artery disease*8. HDACO risk alleles are associated with higher
expression of HDACS in human monocytes/macrophages and human atherosclerotic
plagues. Enhanced HDAC9 expression also increases vascular calcification and decreases
contractility of human aortic VSMCs* 78, However, the molecular mechanisms by which
HDAC9 promotes vascular inflammation and atherosclerosis are unclear.

In this issue of Circulation Research, Asare et al® used a combination of Jn vitro assays and
in vivo genetic mouse models, including Hdac9 deficient (Hdacg™~) mice, as well as
therapeutic interventions to investigate mechanisms underlying HDAC9 involvement in
atherosclerosis and vascular inflammation. Bone marrow transplantation experiments were
used to evaluate the effects of hematopoietic deficiency of Haac9. Apoe™'~ mice that
received bone marrow from Hdacd™'~ mice showed smaller and fewer atherosclerotic lesions
as compared to those that received WT (Hdac9'* ) bone marrow. Furthermore, advanced

Corresponding author: Rama Natarajan, PhD, Department of Diabetes Complications and Metabolism, Beckman Research Institute
of City of Hope, 1500 East Duarte Road, Duarte, CA 91010, Ph: 626-218-2289; rnatarajan@coh.org.

Disclosures: None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Das and Natarajan

Page 2

lesions from Haac9™~ mice had features of greater plaque stability with increased fibrous
cap thickness relative to WT. To investigate this further, the authors treated bone marrow-
derived macrophages (BMDMs) from WT or Hdac9™'~ mice with the inflammatory cytokine
TNF-a. Hdacg~ BMDMs showed decreased expression of proinflammatory cytokines and
chemokines in response to TNF-a,, as compared to WT BMDMSs. These results support the
proinflammatory role of HDAC9 in BMDMs and plaque vulnerability.

To further determine the mechanisms by which HDAC9 regulates inflammation, the authors
postulated that transcription factor nuclear factor-xB (NF-xB), a major regulator of
inflammation, might be a target of HDAC9C. Co-immunoprecipitation experiments in
HEK293 cells revealed that HDAC9 interacts with IKKa and IKKp, both key upstream
kinases that activate NF-xB. Phosphorylation of the NF-xB transcriptionally active p65
subunit by IKK results in p65 nuclear translocation and binding to its target gene promoters.
Functionally, the observed interactions between HDAC9Y, IKKa, and IKK resulted in the
deacetylation of IKKa and IKK, leading to their increased activity as demonstrated by
higher p65 phosphorylation (Fig. 1). Leukocyte recruitment to inflamed vascular
endothelium is a key feature of atherosclerosis. Some of the results showing HDAC9
mediated NF-xB activation were also observed in human umbilical vein endothelial cells
(HUVECS). Loss-of-function studies in HUVECs showed that HDAC9 depletion decreased
p65 phosphorylation and its nuclear localization, and reduced TNF-a-induced expression of
key proinflammatory NF-xB target genes. Although these data strongly support the
proinflammatory role of HDACS acting as a positive effector of NF-xB activation, the
experiments were performed in HEK293 and HUVEC cells. As the /in vivo experiments
suggested a compelling role for myeloid cell-derived HDACS9 in the observed phenotypes,
the authors could have also performed some of these biochemical experiments in monocyte/
macrophages, and even with VSMC that modulate plaque stability. Furthermore, examining
the nuclear localization of HDAC9 in TNF-a treated cells may help distinguish the cytosolic
versus nuclear functions of HDACO.

Certain HDAC inhibitors are already in clinical use for certain cancersl. They have also
been tested in experimental models of C\VVD with varied outcomes. One group showed that
the non-selective HDAC inhibitor trichostatin A (which inhibits most HDACs, class I, Ila,
I1b) increased atherosclerotic lesion size3, while others reported anti-atherogenic function in
macrophages. A highlight of the current study is that the authors examined the therapeutic
potential of TMP195, a selective class Ila HDAC inhibitor, on both initiation of
atherosclerosis as well as later stages. Apoe™'~ mice fed with high-fat diet were administered
TMP195 and evaluated for atherosclerotic phenotypes. Two-photon microscopy revealed
TMP195 treated Apoe™~ mice had reduced lesion formation and decreased endothelial
expression of adhesion molecules compared to vehicle control. Moreover, intravital
microscopy showed TMP195 decreased myeloid cell rolling and adhesion to arteries,
supporting its anti-inflammatory, atheroprotective role. TMP195 also increased IKKp
acetylation and decreased TNFa-induced p65 phosphorylation in BMDMSs, which coincided
with attenuated NF-xB-mediated proinflammatory gene expression. These data support the
notion that TMP195 can phenocopy/mimic the effect of HDACY deletion. Further, RNA-seq
revealed that TMP195 inhibits inflammatory phenotypes in TNFa-induced BMDMs. Of
note, authors also performed RNA-seq in cells treated with the IKKp inhibitor TPCA-1 and
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found 86% of shared genes between TMP195 and TPCA-1 treatment, suggesting TMP195
exerts its anti-inflammatory effects, at least in part, via inhibitory effects on IKKp.

Finally, the authors performed critical experiments in a mouse model with established
atherosclerosis to determine whether TMP195 also reduces atheroprogression and confers
plaque stability. This intervention is important to evaluate the therapeutic potential of
targeting HDAC9 with TMP195 because most treatments are administered only to CVD
patients having existing lesions. TMP195 was administered to western diet-fed Apoe-/-
mice after they developed lesions. Relative to control, TMP195 treatment decreased lesion
size and invasion of monocytes and neutrophils into the atherosclerotic lesions, suggesting
its protective role against atheroprogression. TMP195 also depicted protection at later stages
of atherosclerosis, attenuating the size of advanced lesions, while concordantly promoting a
more stable plaque phenotype (Fig. 1). Together, the data suggest TMP195 confers
protective effects in early and advanced atherosclerosis in mice, highlighting translational
significance. To determine human relevance, the authors treated monocytes isolated from
patients with established atherosclerosis with TMP195, which led to decreased production of
inflammatory cytokines and chemokines, along with reduced p65 phosphorylation.

This study further underscores the value of investigating GWAS candidate hits for the
treatment of related CVDs. Notably, the authors examined the effect of TMP195 on both
early and late atherosclerosis, mimicking the clinical situation. However, more studies are
needed to determine the specificity and off-target effects of TMP195 and compare with other
selective HDAC inhibitors. The vascular and myeloid cell-type specific effects of TMP195
related to atherosclerosis and stroke have not been assessed.

The authors focused primarily on the non-histone protein deacetylase role of HDAC9 with
IKK proteins being the target. HDAC9 can also have nuclear roles by deacetylating histones
at promoters of key target genes leading to their repression. Such epigenetic mechanisms
were reported by Cao et al, who showed Hdacg™'~ mice depicted protection from
atherosclerosis. These protective effects were attributed to increased histone H3K9
acetylation at the promoters of ABCA1 and ABCGI, factors involved in macrophage reverse
cholesterol transport, with resultant increases in their expression and improvement in lipid
homeostasis. Such targets/epigenetic mechanisms were not assessed in the current study.
Apart from histone-modifying enzymes like HDACS, other regulatory elements such as
enhancers are also implicated in CVDs, and small molecule inhibitors targeting them show
protective effects1213, Future studies could assess whether TMP195 exerts its anti-
atherogenic and anti-inflammatory effects through mechanisms besides those described by
Asare et al., including those affecting epigenetic processes and regulatory elements.

Several treatment modalities are available for atherosclerosis prevention, but fewer options
for the vulnerable plaque. So, HDACS inhibitors might be one future treatment option for
plaque vulnerability in advanced disease and/or exclusively for patients expressing the
Hadac9risk alleles in the era of personalized medicine. In summary, Asare et al. provide
strong evidence that HDAC9 promotes vascular inflammation and plaque vulnerability via
NF-xB activation, and that a class Ila HDAC inhibitor TMP195 is effective against
atherosclerosis, atheroprogression, and plaque vulnerability (Fig. 1). This study offers a
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mechanistic explanation for the strong association of the HDAC9 locus with vascular
disease.
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Figure 1. HDAC9 actionsin atherosclerosis.
HDACD risk alleles can increase HDAC9 expression. HDAC9 interacts with IKK kinases,

leading to their deacetylation and activation. IKK phosphorylates and activates NF-xB p65
leading to increased inflammatory phenotypes in macrophages and endothelial cells
associated with atherosclerosis and vulnerable plaque. HDAC9 deletion or pharmacological
inhibition by TMP195 inhibits such inflammatory phenotypes and ameliorates
atherosclerosis and enhances plaque stability in mice.
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