Restoration of Foxp3* regulatory T cells by HDAC-dependent epigenetic modulation

plays a pivotal role in resolving pulmonary arterial hypertension pathology
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Abstract

Rationale: Immune dysregulation is a common feature of pulmonary arterial hypertension

(PAH). Histone deacetylase (HDAC)-dependent transcriptional reprogramming epigenetically

modulates immune homeostasis and is a novel disease-oriented approach in modern times.

Objectives: To identify a novel functional link between HDAC and regulatory T cells (Tregs)

in PAH, aiming to establish disease-modified biomarkers and therapeutic targets.

Methods: Peripheral blood mononuclear cells (PBMCs) were isolated from idiopathic PAH

(IPAH) patients and rodent models of pulmonary hypertension (PH): monocrotaline (MCT),

Sugen5416-hypoxia (SuHx) rats and Treg-depleted mice. HDAC inhibitor Vorinostat (SAHA)

was used to examine the immune modulatory effects in vivo, ex vivo and in vitro.

Measurements and Main Results: Increased HDAC expression was associated with reduced

Foxp3™ Tregs and increased programmed cell death-1 (PD-1) signalling in PBMCs from IPAH

patients. SAHA differentially modified a cluster of epigenetic-sensitive genes and induced

Foxp3™ Treg conversion in IPAH T cells. Rodent models recapitulated these epigenetic

aberrations and T cell dysfunction. SAHA attenuated PH phenotypes and restored FOXP3

transcription and Tregs in PH rats; interestingly, the effects were more profound in female rats.

Selective depletion of CD25" Tregs in SuHx mice neutralized the effects of SAHA.



Furthermore, SAHA inhibited endothelial cytokine/chemokine release upon stimulation and

subsequent immune chemotaxis.

Conclusions: Our results indicated HDAC aberration was associated with Foxp3* Treg

deficiency and demonstrated an epigenetic-mediated mechanism underlying immune

dysfunction in PAH. Restoration of Foxp3™ Tregs by HDACI is a promising approach to

resolve PH pathology, highlighting the potential benefit of developing “epigenetic therapies”

for PAH.



Scientific Knowledge on the Subject

Immune dysregulation underlies pulmonary arterial hypertension (PAH) pathogenesis. The

impairment of Foxp3™ regulatory T cells (Tregs) perturbs immune homeostasis and is strongly

correlated with the prognosis of PAH patients.

What This Study Adds to the Field

In this study, we identified a novel functional link between aberrant histone deacetylase

(HDAC) activity and Foxp3* Treg deficiency in idiopathic PAH (IPAH) patients and

pulmonary hypertension animals. In parallel increased PD-1" T cells were an ‘exhaustion’

marker signifying pro-inflammatory T cell over-activation. T cells from idiopathic PAH

patients exhibited a cluster of epigenetic-sensitive genes involved in the immune-vascular

interactions, presenting higher susceptibility to HDAC inhibition. Restoration of Foxp3™*

regulatory T cells by HDAC inhibition is a novel disease-oriented approach targeting PAH

immunopathy.



Pulmonary arterial hypertension (PAH) pathology is a life-threatening disease. The

underlying vascular pathology is complex, characterized by excessive proliferation and

inflammation (1), challenging currently available treatments. Accumulating evidence supports

a significant role of immune dysregulation in the pathogenesis of PAH (2, 3). Aberrant numbers

and dysfunction of CD4"CD25"Foxp3™ regulatory T cells (Tregs), a typical immunopathy of

autoimmunity, have been reported in various forms of PAH in human and rodent models and

associated with disease susceptibility and progression (4-9). Tregs are potent self-tolerance

modulators in immune homeostasis, affecting lineage commitment/differentiation/activation of

other lymphocyte subsets and suppressing pro-inflammatory responses (10).

The dynamics of circulating immune cells are regulated and fine-tuned by epigenetic

mechanisms, such as histone acetylation (11). Histone deacetylases (HDACs) control

chromatin accessibility and therefore transcriptional activity; aberrant expression of HDACs is

a common feature of autoimmune diseases, inflammatory diseases (12) and cancers, correlating

with clinical prognosis (13). Our group previously reported increased expression of HDACI1

and 5 in remodeled vessels in human idiopathic PAH (IPAH) lungs and that HDAC inhibitors

(HDACI1), namely, SAHA (suberoylanilide hydroxamic acid, Vorinostat) and valproic acid

(VPA), reversed hypoxia-induced pulmonary hypertension (PH) in rats via anti-proliferative

and anti-inflammatory effects (14). HDACi have been shown to arrest neoplastic cell growth

(13) as well as modulate the activation and plasticity of immune cells, especially T cells (15).


https://www.sciencedirect.com/topics/medicine-and-dentistry/disease-exacerbation

Several HDACI, including SAHA, are approved treatments for human T cell malignancy and

are under clinical evaluation for other cancers. HDACi enhance Treg function by constitutive

Foxp3 activation, promoting thymic production of Tregs and peripheral conversion of T cells

into Tregs (15).

In the present study, we sought to explore the role of histone acetylation in PH immune

responses, by a) characterizing lymphocyte subtype composition, especially the T cell subset,

Tregs, as well as HDAC expression patterns in peripheral mononuclear cells (PBMCs) from

IPAH patients and rodent PH models; b) identifying the specific responses to epigenetic

intervention by using SAHA and potential epigenetic-sensitive gene clusters in IPAH T cells;

c) exploring the immune modulatory effects of HDAC inhibitors SAHA and VPA in vivo in

monocrotaline (MCT) rats, sugen hypoxia (SuHx) rats and mice (Treg-depleted), and in vitro

in human pulmonary artery endothelial cell (HPAECs) culture. We propose a novel therapeutic

strategy to target PAH immunopathy by epigenetic modulation.

METHODS

All materials, datasets, and protocols used in this study are available to investigators

upon request for reproducing the results or replicating the procedure. The full experimental

details, including PBMC isolation, human pulmonary artery endothelial cell (HPAEC)

experiments, fluorescence-activated cell sorting (FACS) analysis, protein/mRNA expression,
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transcriptome analysis with RNA sequencing, chromatin immunoprecipitation (ChIP), as well

as in vivo hemodynamic and histological measurements, are described in the online

supplement.

Human samples

Human samples from 41 IPAH patients and 37 healthy volunteers (Table 1) were

obtained after the subjects provided informed written consent, as approved by the local

Research Ethics Committee 11/L0O/0395. IPAH was diagnosed according to international

guidelines (16) by expert physicians at the pulmonary hypertension clinic. The ancestry

composition of IPAH patients in this cohort is white British/Asian/other = 31/4/6. Healthy

volunteers without cardiovascular, respiratory, and hematologic diseases based on records held

by their family practitioners were recruited over the same period as IPAH patients at the

clinical research facility in Hammersmith Hospital.

Human ex vivo Treg conversion with HDAC inhibitors

CD4°CD25 T cells (Treg-depleted) were purified from PBMCs (9 IPAH patients and

7 healthy volunteers) using magnetic-activated cell sorting (MACS) with CD4 and CD25

isolation kit (Miltenyi Biotec) and we conducted the ex vivo experiment with/without the pan-



HDAC inhibitor SAHA treatment (500 nM for 6 days) (17), followed by FACS analysis, RT-

qPCR and RNA sequencing. Pathway enrichment analysis of differentially expressed genes

from RNA sequencing was performed using GAGE (generally applicable gene-set enrichment)

R package (version 2.34.0) with KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO

(Gene Ontology) databases; functional assessment using GO (gene ontology) enrichment

analysis/PANTHER Classification System; protein-protein interactions and network analysis

using Reactome pathway analysis/NetworkAnalyst (networkanalyst.ca) (details in the online

supplement).

PH rodent models

All animal experiments were conducted in accordance with scientific procedures

approved by the UK Home Office under Animals Act 1986. The protocols are also approved

and reviewed by Imperial College Animal Welfare and Ethical Review Body.

Three PH models (details in the online supplement) were used: monocrotaline (MCT)

rats, Sugen5416-hypoxia (SuHx) rats and mice (Treg-depleted). Adult age-matched rats/mice

were randomly allocated to groups, and all personnel involved in data collection and analysis

were blinded to the treatment status of the animals. The sample sizes were selected based on

previous literature (18) and listed in each figure legend.



Statistics

All data are presented as the mean = SEM. Multiple group comparisons were made by

one-way ANOVA with Bonferroni post hoc test. Comparisons between two groups were

analyzed by unpaired 2-tailed Student’s #-test with/without Welch’s correction (determined by

F test for equality of variances). A p-value <0.05 was considered statistically significant.

Statistical analysis was performed by using Graph-Pad Prism software 8 and SPSS 28.

RESULTS

HDAC expression is altered in PBMCs from IPAH patients

We hypothesize that PH immunopathy involves epigenetic dysregulation in circulating

immune cells. We examined the HDAC expression profile in PBMCs from IPAH patients

(n=20) and healthy volunteers (n=15). Aberrant class I HDAC expression, i.e., increased

HDAC 5, 6 and 9 levels, was observed in PBMCs from IPAH patients; decreased acetylated

a-tubulin confirmed higher cytoplasmic HDAC6 activity. (p<0.05, adjusted for age and sex,

Figure 1A; Figure E1A). In addition, IPAH PBMCs expressed higher tissue levels of inhibitor

of matrix metalloproteinase-1 (TIMP-1) levels (Figure 1A), a biomarker related to high

mortality in [PAH (19).

Reduced circulating Treg population in IPAH patients



We characterized the circulating lymphocyte composition by analyzing freshly isolated

PBMCs with FACS. The proportion of Treg cells (defined by CD3"CD4°CD25 Foxp3*

lymphocytes) was reduced in IPAH patients (n=41; control n=37) and presented lowest in

WHO functional class IV patients (p<0.05, adjusted for age and sex). No significant difference

between patients and controls was observed in the percentage of major lymphocyte subsets,

CD3"CD4" (T helper cells), CD3"CD8" (cytotoxic T cells) and CD3-CD19" (B cells) (Figure

E1B).

Programmed cell death-1 (PD-1) is an immune checkpoint against excess immune

responses. PD-1/PD-L1 up-regulation is a recognized oncogenic signal, reflecting an

immunocompromised microenvironment (20). Surface expression of PD-1 was up-regulated

in circulating T cells from IPAH patients and the levels correlated negatively with Treg

population (r=-0.4157, p=0.0145; p=0.084, adjusted for age and sex) (Figure 1C; Figure E1C).

SAHA induced the conversion of Foxp3* Tregs and differential gene expression in human

conventional T cells from IPAH patients

HDAC:s are potent regulators of Treg function in humans (21). To evaluate whether there

was a direct association between altered HDAC activities and Tregs in patients’ PBMCs, we

isolated conventional CD4"CD25 T cells from IPAH patients and healthy volunteers and

exposed them to SAHA. We found that patients’ cells responded differently from controls.
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SAHA treatment induced a significantly higher conversion of Foxp3™ cells from conventional

T cells in IPAH patients (266+61%) compared to healthy volunteers (107+£22%, p<0.05, Figure

2A). In parallel, FOXP3 mRNA expression was significantly increased in IPAH (340+66%

versus control 136+35%, p<0.05, Figure 2A).

We further sought to identify epigenetic-sensitive genes in IPAH immune cells that

responded to SAHA. RNA sequencing of human CD4"CD25" T cells demonstrated that SAHA

treatment affected the transcription (adjusted p<0.05, Benjamini-Hochberg procedure) of 4241

genes in IPAH patients compared to 1429 genes in healthy volunteers ¢2.5 times), suggesting

that T cells from IPAH patients are more susceptible to SAHA treatment (Figure 2B and 2C).

GAGE/PANTHER analysis (http://www.pantherdb.org/) highlighted the “inflammation

mediated by chemokine and cytokine signaling pathway” (P00031) in IPAH T cells (Figure

E2A). The differentially expressed genes induced by SAHA in IPAH patients were annotated

to biological pathways (KEGG) including immune response, metabolism, cell proliferation,

vascular tone, and endocrine function (adjusted p<0.1, Figure 2D; Figure E2B). The key

pathways impacted by SAHA treatment were validated by RT-qPCR (Figure E2C): ferroptosis

(SLC3A2, FTHI, HMOX1), a newly recognized form of cell death as a critical regulator of

immune cells; IL4 and IL10, two cytokines critically involved in Th1/Th2/Treg differentiation

and T cell receptor signaling; NFKB2, RELA, RELB and XIAP, key elements in immune

responses in NF-kB signaling; HIF1A, the master controller of glycolysis under hypoxic or
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inflammatory stress; HDAC4, 5 and 7, class I HDACs; BRDA4, acetyl-lysine-binding protein

characterized in PH vasculopathy (22); and CTLA-4, CD28 and CD276, immune checkpoint

molecules vital to Treg function (23). SAHA also modulated metabolic signaling pathways

associated with PH pathogenesis, e.g., MAPK, cGMP-PKG and mTOR, as well as VEGF and

vascular muscle contraction.

We further focused on the genes with = 2-fold change. Gene ontology (GO) enrichment

analysis related their molecular function to “binding” (36%) and “catalytic activity” (34%)

(Figure 2E; Figure E2D). Histone acetylation is generally associated with transcription

activation. Network analysis of protein-protein interactions by Reactome pathway

analysis/NetworkAnalyst (networkanalyst.ca) revealed that the differentially up-regulated

genes and their functional interactions were relevant to increased RNA polymerase II-

dependent DNA binding of transcription factors involved in immune signaling pathway

activation (Figure 2F), confirming the acetylation-related transcription activation in SAHA-

treated T cells.

SAHA and VPA attenuated MCT-induced PH

We pursued HDAC-driven immune modulation by using SAHA (class I, IT and IV) and

VPA (class I HDAC) in monocrotaline (MCT)-induced PH rats. SAHA treatment attenuated

elevated mean PAP, pulmonary arteriolar muscularization and RV hypertrophy (Figure 3A-D;
12



Figure E3A); by comparison, VPA was less effective (Figure E3B). Both SAHA and VPA

reduced perivascular infiltration of CD68" monocytes/macrophages in the lungs (Figure 3E).

In MCT rat lungs, SAHA significantly increased bone morphogenetic protein receptor

2 (BMPR-2) expression (24) and reduced programmed death ligand 1 (PD-L1) expression

(Figure 3F). Consistent with our previous studies (18), SAHA and VPA decreased Bcl-2 and

survivin levels and SAHA increased p21 level (Figure 3G). Furthermore, SAHA reduced

MCT-induced active MMP-2, MMP-9 (matrix metalloproteinase-2 and -9) and TIMP-1 (tissue

inhibitor of metalloproteinase-1) expression in the lungs (Figure 3H) (25). Increased acetylated

histones H3/H4 in HDACi-treated lungs confirmed HDAC inhibition (Figure E3C).

SAHA increased Th, Treg and NK populations along with increased histone acetylation

and FOXP3 expression in PBMCs from MCT rats

We examined HDAC expression in PBMCs from MCT rats. Expression levels of

HDACI, 6 and 9 were increased but not HDACS or HDAC7 (Figure 4A; Figure E3D). MCT

rats showed lower levels of circulating Th cells, Tregs and natural killer (NK) cells, which were

reversed in SAHA-treated (but not VPA-treated) animals (Figure 4B).

SAHA increased acetylated histones H3/H4 and a-tubulin in PBMCs. Consistent with

its class I HDAC inhibitory profile, VPA significantly increased acetylated H3, but not a-
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tubulin (Figure 4C). The expression level of FOXP3, a key regulator of Treg activity, was

reduced in MCT rat PBMCs and this was significantly reversed by SAHA (but not VPA)

(Figure 4D). ChIP-qPCR revealed a significant enrichment of acetylated histone H4 in the

FOXP3 promoter region in SAHA-treated rat PBMCs (Figure 4E).

SAHA attenuated PH phenotypes in SuHXx rats

We validated the key findings from MCT rats in SuHx models, using male and female

rats. SAHA treatment decreased the rise in PAP, RV hypertrophy and pulmonary vascular

muscularization without significant systemic impacts; female rats seem to be more responsive

to SAHA treatment (Figure SA; Figure E4A). Cardiac MRI showed reduced RV mass, with

preserved RV cardiac index and ejection fraction in SAHA-treated rats (Figure 5B and 5C), in

line with a recent report that HDAC inhibition improved ventricular filling by reversing pre-

existing diastolic dysfunction in hypertensive mice (26). Furthermore, SAHA significantly

attenuated neointima formation and endothelial-to-mesenchymal transition (EndoMT),

evidenced by decreased vimentin phosphorylation and Twist-1 expression in the lungs (Figure

5D) (27). SAHA increased BMPR-2 and decreased PD-L1 expression in SuHx rat lungs

(Figure 5E).
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SAHA increased circulating Tregs and NK populations in SuHx rats

Expression levels of HDAC1 and HDAC9, but not HDACS and 7, were increased in

PBMCs from SuHx rats (Figure 6A; Figure E4B). HDACG6 levels were slightly increased

(p>0.05); the acetylation levels of a-tubulin were significantly decreased in SuHx rats,

reflecting increased HDAC6 activity (Figure E4C). The fractions of Th cells and Tregs in SuHx

rats were decreased compared to healthy rats. SAHA selectively increased circulating

CD25"Foxp3™* Tregs (but not Th cells) and NK cells in SuHx rats (Figure 6B-D; Figure E4D

and E4E). Similar to IPAH patients, the percentage of PD-1" T cells was significantly increased

in SuHx rats, which was reversed by SAHA (Figure 6B-D). Interestingly, SAHA effects on

increasing Treg and reducing PD-1" T cells were stronger in female SuHx rats. Consistent with

MCT rats, ChIP-qPCR confirmed the enrichment of acetylated histones H3/H4 bound to the

FOXP3 promoter in PBMCs, linking HDAC inhibition to improved Treg function (Figure 6).

Increased acetylation of histones H3/H4 in rat lungs verified HDAC inhibition in the treatment

groups (Figure E4G).

Cytokine expression profile showed that IL-17, CXCL-10 and TIMP-1 expression were

elevated in MCT and SuHx rat lungs, which were attenuated in VPA and SAHA-treated groups,

suggesting suppressive effects of Th1l and Th17 responses in the lungs (Figure ESA).

Treg depletion in SuHx mice lessened the effects of SAHA on PH phenotypes
15



We speculated that the therapeutic effects of SAHA are attributed, at least in part, to

the reconstitution of Treg population in PH rats. To address this, we used an anti-CD25

antibody to transiently deplete Tregs in SuHx mice, confirmed by FACS (>99% in Treg-

depleted mice with or without SAHA treatment, Figure 7A).

In isotype-treated groups, SAHA treatment recovered Treg levels and significantly

attenuated the SuHx-induced elevated RVSP, RV hypertrophy and pulmonary vascular

remodeling, while the effect of SAHA on RVSP and pulmonary vascular remodeling was

diminished in Treg-depleted animals (Figure 7B and 7C). It is interesting to note that the

attenuation of RV hypertrophy by SAHA was not affected by Treg depletion. This may reflect

that Tregs only take part in the therapeutic effects of SAHA on pulmonary vascular remodeling.

The direct cardiac protective effects of SAHA may also associate with other pathways, e.g.,

MEF2 (myocyte enhance factor 2) activation which plays a key role in the preservation of RV

function; suppressing cardiac fibroblast activation which reverses pre-existing diastolic

dysfunction. (14, 28, 29). In addition, anti-PD-1 treatment did not significantly improve the

established PH hemodynamics and pulmonary pathology in SuHx mice (Figure E6).

SAHA and VPA inhibit inflammatory mediator release and leukocyte migration

The immune modulatory effects of SAHA might not only impact immune cells but

vascular cells. Immune-vascular interactions play a significant role in the pathogenesis of PAH.
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We tested the effects of HDAC inhibition on cytokine release from TNF-a-stimulated HPAECs

and then PBMC chemotaxis, mimicking immune cell recruitment from inflammatory signals

from pulmonary endothelium. TNF-a stimulated cytokines/chemokines release in HPAECs,

several of which have been previously reported relevant to human PAH, including CXCL-10,

CXCL-11, RANTES, C5/C5a, IL-6, GM-CSF and sICAM-1 (30). SAHA treatment reduced

the up-regulated cytokines levels; in comparison, VPA had limited effect (Figure 8A).

Quantitative PCR confirmed that SAHA and VPA attenuated TNF-a-induced transcriptional

expression of CXCL10, CXCL11 and NF-kB subunits, RELA and NFKB1 (Figure 8B). In

the functional assay, SAHA and VPA prevented PBMC migration in response to

chemoattractant signals from TNF-a-stimulated HPAECs (Figure 8C).

DISCUSSION

This study reveals a pivotal role for Foxp3* regulatory T cells in the pathology of PAH

and the opportunity to intervene pharmacologically by HDAC-dependent epigenetic

modulation. We report an IPAH immune phenotype, characterized by reduced peripheral

CD25"Foxp3™ Treg cells and increased immune checkpoint PD-1 expression in circulating T

cells. Immune cells from these patients showed increased HDAC 5, 6 and 9 expression and

decreased a-tubulin acetylation. In addition, T cells from IPAH patients exhibited a cluster of

epigenetic-sensitive genes involved in the immune regulatory network and treatment with
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HDAC inhibitor, SAHA, differentially modified these genes and induced Foxp3-dependent

Treg conversion. Rodent PH models resembled HDAC aberrations and T cell dysfunction.

SAHA treatment restored circulating Foxp3" Treg numbers, reduced extracellular matrix

enzymatic activities, up-regulated BMPR-2 and down-regulated PD-L1 in PH rat lungs. In

SuHx mice, transient Treg-specific depletion by anti-CD25 antibody diminished the beneficial

effects of SAHA on PH phenotype. SAHA inhibited TNF-o induced PH-related

cytokine/chemokine release from HPAECs in culture and immune cell chemotaxis.

Aberrant HDAC expression is well recognized to cause an imbalance in histone

acetylation, which consequently alters chromatin accessibility and transcriptional activity,

contributing to persistent cell phenotypes in various diseases including PAH (31). Profiling

HDAC:S pattern in circulating PBMC helped to define specific ‘epigenetic cell memories’ in

PAH patients; for example, Potus et al. recently reported aberrant expression of the epigenetic

regulator, TET2, in PBMCs from PAH patients in a large-scale cohort (32).

Circulating Foxp3* Tregs were reduced in IPAH patients, most pronounced in WHO

functional class IV patients. Tregs regulate immune responses by inhibiting the proliferation

and modifying the function of effector T and B cells, monocytes/macrophages, dendritic and

NK cells (10, 33). Impairment of Tregs and disproportion of Tregs/Th17 cells are inflammatory

signatures, correlating with prognosis in IPAH, connective tissue disease and chronic

obstructive pulmonary disease associated PAH (5, 6, 34). A multigene panel composed of 25
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Treg-related genes was recently identified in PAH patient lungs (35). Of note, several studies
reported increased peripheral CD3*CD4"CD127"°% Treg numbers in PAH patients (36-38),
while our data related Treg dynamics to the immune status along the progression of PH and the
degree of autoimmunity involved in PH development. The expanded Treg subset in PAH was
shown non-functional with low Foxp3 activity (39). Reduced numbers of Foxp3* cells in IPAH
patient lungs suggest impaired Treg trafficking, which may be also involved (40).
Accumulating preclinical evidence has shown that recovering abnormal Tregs may protect
PAH by interacting with other immune cells to impact pulmonary vascular cells (41). Athymic
Treg-absent rats exhibit exaggerated pulmonary vascular remodeling and inflammatory
infiltration following Sugen5416 injection, whilst Treg reconstitution attenuates this phenotype

(8, 42).

HDAC inhibition boosts Tregs (15). SAHA treatment induced more pronounced Foxp3
expression in IPAH conventional T cells and Treg conversion ex vivo; among these patients, a
subgroup appeared to be super-responsive to SAHA. The higher susceptibility to HDAC
inhibition in IPAH T cells was associated with a set of differentially expressed genes,
particularly those genes involved in immune, metabolism and vascular homeostasis. This may
reflect the epigenetic-programmed cell phenotypes and memories in IPAH T cells. In the gene
sets, SAHA differentially modified several known PH-relevant genes, e.g., down-regulating

BRD4, TIMP1, CFP, CFB, NRP1 and SERPINA1 and up-regulating CFH. Upregulated BRD4,
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a recognized histone acetylation reader, was associated with Bcl-2, survivin, p21 and NFAT in

PAH lungs (22). Increased TIMPs and NRP1 and reduced inhibitory factor H (CFH) were

recently shown to predict the survival of IPAH patients (19). Functional enrichment analysis

further associated these differentially up-regulated genes with DNA-binding transcription

factor activity, providing evidence of comprehensive chromatin relaxation and subsequent

transcription reprogramming. HDACi were first introduced to clinical application for cancer

therapy on the grounds that the unique epigenetic modifications/signatures are the “Achilles

Heels” of the transformed cells (43). The presence of potential super-responders in our study

mirrors this concept; the specific alternations of the HDAC-sensitive genes define immune cell

memory/addiction in PH. Our data indicate the importance of developing epigenome-based

approaches to target this “epigenetic vulnerability” in PH.

HDAC: treatment attenuated PH phenotypes in MCT and SuHx rat models. In both PH

models, SAHA treatment restored the decreased population of circulating Tregs, accompanied

by enrichment of acetylated H3/H4 in the FOXP3 promoter region and increased FOXP3

mRNA expression. The results are consistent with a previous report that histone acetylation

regulates constitutive FOXP3 activation, promoting Treg population in T cells isolated from

healthy donors (44). PBMCs from IPAH patients and PH rats exhibit aberrant HDAC9

expression and HDACG6 activity in common (Table E1). HDACO is involved in the process of

histone deacetylation at the FOXP3 locus and HDACS6 directly deacetylate Foxp3, increasing
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Foxp3 susceptibility for degradation (45—47). This may explain the better efficiency of SAHA

than VPA. Furthermore, we observed that female SuHx rats were more responsive to SAHA

treatment in attenuating PH phenotypes and restoring Tregs. Treg abnormalities have been

featured in other female-predominant diseases in addition to PAH, such as systemic lupus

erythematosus; X-linked FOXP3 regulation and associated hormonal fluctuations may underlie

the gender differences (48). Females athymic rats developed more severe PH than males and

Treg reconstitution exerted a more dominant protective function in females (42). Our data

suggested a role of HDAC regulation in sex differences in PH, which involves Treg function.

Induction of intrinsic Treg activity has emerged as a promising approach for treating diseases

with overactive immune responses (49). We conducted further studies in Treg-depleted mice.

The effects of SAHA on SuHx-induced pulmonary pathology were significantly reduced in

this model, arguing for the direct involvement of Tregs for HDAC-targeted modulations in PH.

In addition, SAHA treatment increased the NK cell population in PH rats. NK cells play

a regulatory role in reparative immunity and vascular integrity; deficient NK cells with elevated

production of MMP-9 have been shown in human and animal PH (50). SAHA treatment

consistently exhibited anti-inflammatory effects whether directly by suppressing Th1/Th17 or

via Treg induction or both; in TNF-o stimulated HPAECs, SAHA limited immune cell

recruitment through inhibiting cytokine release; in PH rat lungs, there were reduced levels of

IL-17, CXCL-10 and TIMP-1 expression in SAHA-treated rats, suggesting suppressive effects

21



on Thl and Th17 responses (51). These data are in line with the protective effects of SAHA on

pulmonary remodeling by reducing extracellular matrix enzymatic activity, e.g., MMP-2 and

MMP-9, along with proliferative factors, e.g., Bel-2 and survivin.

Intriguingly, we observed an increased circulating PD-17T cell population in IPAH

patients, in accordance with a recent report from 25 treatment-naive IPAH patients (52).

Increased PD-1" population among circulating T cells may signify excessive T cell activation

and subsequent exhaustion in chronic inflammatory disorders, e.g., multiple sclerosis (53),

COVID-19 pneumonia (54, 55), and idiopathic pulmonary fibrosis (56, 57) In IPAH patients,

increased PD-1" T cells together with reduced Treg population indicated over-activation of

pro-inflammatory T cells (58). PH rats recapitulated the immunophenotype of increased

circulating PD-1" T cells with elevated PD-L1 expressions in the lungs, which was reversed in

the SAHA-treated groups. In the ex vivo IPAH T cells, SAHA also selectively modulated PD-

1 regulators including NFATc1, NF-kB, and TBX21. Recent clinical studies reported adverse

effects of anti-PD-1 therapies on RV function and pulmonary circulation (59). We conducted

selective PD-1 blockade in SuHx mice and didn’t observe a significant impact on PH

phenotypes (Figure E6). These data support that the increased PD-1" T cells are likely a

consequence or feedback of the T cell over-activation rather than a primary cause in PH.

There are several limitations in this study. The blood collection date differs from the

pulmonary catheterization date in the IPAH patients, which limits the data correlation of
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HDAC expression and PD-1/Treg population with the hemodynamic measurements. The

relationship to clinical treatments could not be determined in patients due to various treatment

combinations. Tregs represent approximately 1-4% of peripheral blood PBMCs. Therefore, it

is challenging to further define the HDAC expression in these cells or its PD-1* or CTLA-4"

subsets. Considering specific FOXP3-depleted models such as FOXP3-DTR (diphtheria toxin

receptor) mice having a short lifespan (60), we used CD25 antibodies to establish experimental

Treg-depleted mice.

In summary, we highlight a novel epigenetic mechanism in modulating Treg function in

PAH (Figure 9) — the restoration of Foxp3* Treg population/function by HDAC inhibition is

crucial in resolving PAH pathology. The measurable HDAC expression pattern and activity in

accessible circulating immune cells, along with PD-1" T cell and Foxp3™ Treg

population/function, are potential biomarkers representing the immune status of patients.
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Table 1: Clinical Characterization of IPAH Patients.

Age, year-old
Sex (M:F), n
Ethnic origin, White British/Asian/other
WHO functional class I/11/11I/1V, n
6MWD, m
Treatment
Treatment naive
Monotherapy (ERA of PDEI5)
Dual-combination therapy
Triple-combination therapy
CCB for vosoresponders yes/no, n
Warfarin yes/no, n
Haemodynamic charecteristics
Mean PA pressure, mmHg
PA wedge pressure, mmHg
Mean RV pressure, mmHg

Cardiac output, L/min

IPAH (n=41) Control (n=37)
54 (42.5-69) 52 (38.5-59)
13:28 11:26

31/4/6 28/5/4
0/10/24/7

320 (176-380)

21
12
4/37

33/8

51.0 (38.8-61.0)
12.0 (8.5-15.0)
9.0 (5.0-12.0)

4.3(3.2-5.8)

The data are presented as median (25"-75" percentile). M: male; F: female; 6MWD: 6-minute walk

distance; ERA: endothelin receptor antagonist; PDEIS: phosphodiesterase-5 inhibitor; WHO: world

health organization; PA: pulmonary artery; RV: right ventricle; CCB: calcium channel blocker.
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Figure 1. HDAC expression levels in human PBMCs along with Treg and CD3"PD-1" cell
population were changed in IPAH patients. Protein expression levels of A, HDACI, HDACS,
HDAC6, HDAC7, HDACY, acetylated a-tubulin and TIMP-1 in human PBMCs, with representative
immunoblots. The data were generated from optical density measurements of individual bands
normalized to vinculin (acetylated a-tubulin to total a-tubulin) and presented as fold change relative to
control group. n=15 in control and n=20 in IPAH. B, The percentages in total lymphocytes and actual
cell counts of circulating Treg (CD3"CD4"CD25 Foxp3") cells of control subjects (n=37) and IPAH
patients (n=41). C, The percentages and actual cell counts of circulating CD3"PD-1" cell population of
control subjects (n=15) and IPAH (n=19). Control: healthy volunteer; IPAH: idiopathic pulmonary
arterial hypertension patient. * p<0.05, ** <p<(0.01, adjusted for age and sex. D, FSC/SSC gating and

representative dot plots of FACS analysis.
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Figure 2. SAHA preferentially induced ex vivo conversion of CD4°CD25 T cells from IPAH
patients to Foxp3® Tregs, accompanied by selective transcriptional regulation. Isolated
CD4"CD25" T cells from IPAH patients (n=9) and healthy donors (n=7) were treated with either SAHA
(500nM) or DMSO (untreated) for 6 days and analyzed by A, FACS quantification of
CD3"CD4'CD25 Foxp3" cells and RT-qPCR for FOXP3 expression (normalized to GAPDH). The data
were presented as the fold change over the DMSO group from the same subject. Control: healthy donor;
IPAH: idiopathic pulmonary arterial hypertension patient. * p<<0.05. B, Transcriptome analysis (n=3)
of gene sets differentially altered upon SAHA treatment in CD4"CD25" T cells was performed by
GAGE analysis and presented in the volcano plot. C, Venn diagram indicated a significantly higher
number of altered genes in response to SAHA treatment in CD4'CD25™ T cells from IPAH patients
(4241 genes, up-regulation of 2011 genes and down-regulation of 2230 genes) in comparison to healthy
donors (1429 genes, up-regulation of 846 genes and down-regulation of 583 genes). We highlight the
key molecules/pathways impacted by SAHA treatment relevant to PH. D, The most significantly
modified pathways (KEGG) involved in these differentially altered genes are immune, metabolism,
vascular tone, programmed cell death (PCD) and endocrine. FDR-adjusted p values were calculated
using Benjamini and Hochberg procedure. E, Pie chart presented the distribution of molecular function
of the differentially altered genes with >2-fold changes by SAHA in IPAH T cells, indicating the
association mainly with “binding” (36%) and “catalytic activity” (34%). F, Reactome /Networkanalyst
analysis of the differentially up-regulated genes (>2-fold changes) showed t top 9 clusters with their
representative enriched term presented in the left panel and the predicted protein-protein interaction

presented in the right panel.
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Figure 3. SAHA and VPA attenuated established MCT-induced pulmonary hypertension in rats
in association with reduction of inflammatory and proliferative factors. A, Mean pulmonary artery
pressure (PAP) and the percentage of muscularised vessels with the representative lung sections (low
power field x200 and high power field x400) stained with elastic van Gieson (EVG). B, Right
ventricular hypertrophy (RVH) quantified by RV/LV+septum ratio (Fulton index). C, The
immunohistochemistry images of lung sections from MCT rats stained with EVG, red arrows refer to
non-muscularized vessels whereas yellow arrows refer to partially muscularized vessels;
immunohistochemistry of CD68 and immunofluorescent images of lung sections with CD68 (red) and
a-smooth muscle actin (green). D, Quantification of average cross-sectional area (CSA) of RV myocyte.
E, Quantification of CD68" cell count in the rat lungs. Protein expression levels of F, BMPR-2 and PD-
L1. G, Bcl-2, Survivin and p21. H, MMP-2, MMP-9 and TIMP-1, in lung homogenates of MCT rats.
The data were generated from optical density measurements of individual bands normalized to B-actin
and presented as fold change relative to Ctrl. MMP-2 and MMP-9 were presented as the ratio of “active”
bands over “pro” bands. Ctrl: healthy control; MCT: MCT for 4 weeks; VPA: MCT with VPA 300
mg/kg/day, and SAHA: MCT with SAHA 50 mg/kg/day. The data are presented as meant SEM. n=4
to 6 for each group. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared with MCT; ## p<0.01,
## p<0.001, #### p<0.0001 compared with Ctrl.
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Figure 4. SAHA rescued circulating Th, Treg and NK populations in MCT rats in line with
increased histone acetylation and FOXP3 expression in PBMCs. A, HDAC1, HDAC6 and HDAC9
expression levels in PBMCs from MCT rats. The data were generated from optical density
measurements of individual bands normalized to B-actin and presented as fold change relative to Ctrl.
B, The percentages in total lymphocytes and actual cell counts of circulating Th (CD3'CD4"), Treg
(CD3"CD4'CD25Foxp3") and NK (CD3'CD161") cell population of MCT rats. C, Acetylated H3,
acetylated H4 and acetylated a-tubulin expression levels in PBMCs from MCT rats. The data were
generated from optical density measurements of individual bands normalized to total H3/H4 or a-
tubulin and presented as fold change relative to Ctrl. D, FOXP3 mRNA expression in PBMCs from
MCT rats. E, ChIP pull-down of anti-acetylated H3/H4-associated chromatin, followed by qPCR for
FOXP3 promoter. The data were quantified as the percentage of the input levels. Ctrl: healthy control;
MCT: MCT for 4 weeks; VPA: MCT with VPA 300 mg/kg/day, and SAHA: MCT with SAHA 50
mg/kg/day. n=4 to 6 for each group. * p<0.05, ** p<0.01 compared with MCT; # p<0.05, ## p<0.01,
### p<0.001 compared with Ctrl.
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Figure 5. SAHA attenuated established SuHx-induced pulmonary hypertension in rats in
association with induction of BMPR-2 and reduction of PD-L1 in the lungs. A, Mean pulmonary
artery pressure (PAP), right ventricular hypertrophy (RVH) quantified by RV/LV-+septum ratio (Fulton
index), the percentage of muscularised vessels and occluded vessels (diameter <S0um); representative
images of lung sections stained with hematoxylin-eosin and elastic van Gieson (low power field x200
and high power field x400). Blue columns represent male rats (n=6); pink columns represent female
rats (n=5). B, The quantification of MR data presented as RV mass index (RVMI), RV cardiac index
(RVCI) and RV ejection fraction (RVEF), and C, Representative images of short-axis cardiac MR.
Protein expression levels of D, phospho-vimentin and Twist-1, and E, BMPR-2 and PD-L1 in lung
homogenates of SuHx rats (n=6). The data were generated from optical density measurements of
individual bands normalized to B-actin and presented as fold change relative to Ctrl. Ctrl: healthy control;
SuHx: SuHx for 8 weeks; SAHA: SuHx with SAHA 50 mg/kg/day. The data are presented as mean+
SEM. n=5 to 6 for each group. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared with SuHx;
## p<0.01, ### p<0.001, #### p<0.0001 compared with Ctrl.
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Figure 6. SAHA increased circulating Treg and NK populations and decreased CD3'PD-1" in
SuHXx rats in line with enrichment of acetylated histone bound to FOXP3 promoter. A, HDACI,
HDAC6 and HDACY expression levels in PBMCs from SuHx rats. The data were generated from
optical density measurements of individual bands normalized to B-actin and presented as fold change
relative to Ctrl. n=4. B, FACS analysis gated on lymphocyte population and the quantification of Treg
(CD3"CD4'CD25'Foxp3"), NK (CD3CD161") cells and PD-1" T cells as the percentages of total
lymphocytes and C, actual cell counts of peripheral CD3"CD4"CD25 Foxp3", CD3'CD161" and PD-1"
T cells. Blue columns represent male rats (n=6); pink columns represent female rats (n=5).D,
Representative dot plots of FACS analysis. E, ChIP pull-down of anti-acetylated H3/H4-associated
chromatin, followed by qPCR for FOXP3 promoter. The data were quantified as the percentage of the
input levels. Ctrl: healthy control; SuHx: SuHx for 8 weeks; SAHA: SuHx with SAHA 50 mg/kg/day.
The data are presented as mean+ SEM. n=6 for each group. * p<0.05, ** p<0.01 compared with SuHx;
# p<0.05, ### p<0.001, #### p<0.0001 compared with Ctrl.
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Figure 7. The therapeutic effects of SAHA on SuHx-induced pulmonary hypertension in mice
were neutralised by Treg depletion using anti-CD25 antibodies. A, The percentages in total
lymphocytes and actual cell counts of circulating Treg (CD3'CD4"CD25 Foxp3") cells in SuHx mice.
B, Right ventricular systolic pressure, right ventricular hypertrophy quantified by RV/LV+septum
ratio. C, the percentage of o smooth muscle actin (aSMA) positive muscularised vessels
(diameter<50pm) and representative images of lung sections. Ctrl. Ctrl: healthy control; SuHx: SuHx
for 8 weeks; SAHA: SuHx with SAHA 100 mg/kg/day. The data are presented as mean+ SEM. n=6
for each group. *p<0.05, ** p<0.01, *** p<0.001, *** p<0.0001.
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Figure 8. SAHA and VPA inhibited the release of inflammatory factors from TNF-a-stimulated
HPAECs and the chemotaxis of leukocytes. A. Quantification of cytokine release from TNF-o-
stimulated HPAECs in response to VPA (2 mmole/L) or SAHA (10 umol/L) treatment detected by
Panel-A cytokine array. The data were generated from optical density measurements of individual dots
and normalized to positive control on each membrane. B. mRNA expression by RT-PCR: CXCL10,
CXCL11, RELA and NFKBI1. The relative expression of genes was presented as delta Ct values
normalized to HPRT. C. Quantification of human PBMCs chemotaxis towards TNF-a-stimulated
HPAECs w/o VPA or SAHA treatment. The data were calculated as fluorescence units relative to Ctrl.
Ctrl: control without stimulation; TNF-a: TNF-a 10 ng/ml for 16 hours; VPA: TNF-a with VPA 2
mmole/L, and SAHA: TNF-a with SAHA 10 umol/L. The data are presented as mean + SEM.
Experiments were performed in three independent biological replicates (n=3). * p<0.05, ** p<0.01, ***
p<0.001 compared with TNF-a; # p<0.05, ## p<0.01, ### p<0.001 compared with Ctrl. TNF-a, tumor
necrosis factor alpha; CXCL-10, chemokine (C-X-C motif) ligand 10; CXCL-11, chemokine (C-X-C
motif) ligand 11; RANTES, regulated on activation, normal T cell expressed and secreted; C5/C5a,
complement component 5/5a; IL-6, interleukin 6; GM-CSF, granulocyte-macrophage colony-
stimulating factor; SICAM-1, soluble intercellular adhesion molecule 1; RELA, RELA proto-oncogene,
NK-kB subunit; NFKB1, nuclear factor kappa B subunitl1.
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Figure 9. Proposed model of epigenetic mechanism by HDAC inhibition (SAHA, Vorinostat) in
modulating Treg function and restoring immune homeostasis in PAH. Increased HDAC activity in
the immune cells of PAH patients interferes with acetylation-dependent chromatin structures, leading
to transcription repression. This is implicated in perivascular inflammatory cell infiltration, elevated
extracellular matrix enzymatic activities, cytokine release and hyper-proliferation of vascular cells,
contributing to the development and progression of PAH. HDAC inhibitor SAHA relaxes the chromatin
structures, allowing more access of transcription factor binding to DNA and activating a cluster of
epigenetic-sensitive gene expression involved in the immune-vascular crosstalk. Importantly, SAHA
treatment induces FOXP3 expression and promotes Treg generation and function, restoring immune
homeostasis and reversing pulmonary vascular remodeling. pSTAT3, phospho-signal transducer and

activator of transcription 3; NF-«xB, nuclear factor kappa B; IL-6, interleukin 6; CXCL-10, chemokine
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(C-X-C motif) ligand 10; CXCL-11, chemokine (C-X-C motif) ligand 11; RANTES, regulated on
activation, normal T cell expressed and secreted; SICAM-1, soluble intercellular adhesion molecule 1;
MMPs, matrix metalloproteinases; TIMP-1, tissue inhibitor of metalloproteinase-1; PD-LI,
programmed death-ligand 1; BMPR-2, bone morphogenetic protein receptor type 2; PD-1, programmed
death-1; NK, natural killer cell.
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