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Abstract 22 

Histone deacetylase inhibitors (HDACi) are epigenome modulating molecules that target 23 

histone and non-histone proteins and have been successfully used to target many types of cancer 24 

and immunological disorders. While HDACi’s effects on nuclear histone deacetylases are well 25 

characterized, their effect on non-nuclear, cytoplasmic molecules requires further investigation. 26 

In the current study we characterized the effects of class I/II HDACi, specifically, TSA, MS-275, 27 

and SAHA, on plasmacytoid dendritic cell (pDC) biology upon viral activation via the TLR7/9 28 

pathway. TSA, MS-275, and SAHA, down-modulated the induction of IFN-α and TNF-α upon 29 

Influenza A virus (IAV; TLR7 signaling) and Herpes Simplex 1 (HSV-1; TLR9 signaling) 30 

stimulation in primary pDC. The HDACi inhibitory effect was more prominent for IAV-31 

mediated responses than for HSV-1. While IFN-α induction was not associated with inhibition of 32 

IRF-7 upregulation in the presence of TSA or MS-275, IRF-7 upregulation was affected by 33 

SAHA, but only for IAV. Furthermore, TSA, but not MS-275, inhibited TLR7/9-induced 34 

expression of maturation markers, CD40, and CD86, but not CD40. In addition, HDACi 35 

treatment increased virally-induced shedding of CD62L. Mechanistically, TSA, MS-275, SAHA 36 

significantly decreased early IRF-7 and NF-қB nuclear translocation, which was preceded by a 37 

decline in phosphorylation of IRF-7 at Ser477/479 and NF-қB p-p65, except for MS-275. In 38 

summary, we propose that broad HDACi, but not class I HDACi, treatment can negatively 39 

impact early TLR7/9-mediated signaling, namely, the disruption of IRF-7 and NF-қB activation 40 

and translocation that lead to deleterious effects on pDC function.   41 
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Introduction 42 

Plasmacytoid dendritic cells (pDC) are a potent sub-population of dendritic cells that 43 

importantly bridge the innate and adaptive immune systems. They have the ability to rapidly 44 

produce high amounts of Type I and Type III interferon (IFN) upon challenge with synthetic 45 

TLR7 and TLR9 agonists or with DNA or RNA viruses, even in the absence of viral gene 46 

expression (reviewed in [1, 2]). TLR activation induces MyD88-dependent downstream 47 

signaling that subsequently leads to the phosphorylation and nuclear translocation of Interferon 48 

Regulatory Factor-7 (IRF-7), which pDC also express constitutively at a basal level,  resulting in 49 

the expression of type I and III interferons [2-5].In addition, pDC TLR activation can also induce 50 

production of pro-inflammatory cytokines such as TNF-α and IL-6, and chemokines CXCL10 51 

(IP-10) and CCL5 (RANTES) [6]. In addition, pDC have the ability to migrate from peripheral 52 

blood to peripheral lymphoid tissue and sites of inflammation via their constitutive expression of 53 

CD62L [7]. IFN-α production in pDC can be triggered by viral or synthetic stimuli, including 54 

viral DNA or non-methylated CpG oligonucleotides, respectively, which activate endosomal 55 

Toll-like receptor (TLR)-9, or viral single-stranded RNA, or small molecules of the 56 

imidazoquinoline family, both of which trigger endosomal TLR-7.  57 

The gene expression of Interferons is partially regulated by post-translational modifications 58 

of the ifn promoter and specific enzyme complexes known as histone deacetylases (HDAC) [8]. 59 

HDAC and histone acetyl transferases are enzymes that work together to regulate the acetylation 60 

state of histone and non-histone intracellular substrates [9]. They exert their effects by 61 

deacetylating ε-acetyl-lysine residues on the amino-terminal end of histone tails and non-histone 62 

targets residues. There are four HDAC classes currently characterized based on their structural 63 

similarity to homologous proteins in Saccharomyces cerevisiae, two of which are relevant to this 64 
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manuscript: Class I and II HDACs depend on Zn++ for their activity. Class I HDACs include 1, 2, 65 

3 and 8 and class II HDACs include class IIa (4, 5, 7, and 9), and class IIb (6 and 10). 66 

Most of the intricate workings of HDAC biology have been elucidated with the utilization of 67 

HDAC inhibitors (HDACI), which are small naturally or artificially made molecules that have 68 

demonstrated great potential for the treatment of tumors in vitro and in vivo, as cancer cells are 69 

more sensitive to HDACI treatment than healthy cells. HDACI induce apoptosis in cancer cells 70 

by releasing the cell cycle block that truncates healthy terminal cell differentiation.  71 

The Class I HDAC complexes that have been extensively studied are nuclear SIN3, NURD, 72 

N-CoR, and SMRT, which have important roles in gene regulation, including deacetylation, 73 

binding of histone proteins, ATP-dependent nucleosome remodeling, and chromosome 74 

scaffolding. cDNA array studies have shown that only up to 10% of genes are up- or down-75 

regulated in myeloma, colon carcinoma, and leukemia cell lines when treated with several 76 

HDACi including Tricostatin A (TSA), MS-275, and Vorinostat (Suberoyanilide Hydroxamic 77 

Acid, SAHA)  [10, 11]. Because of this very low effect on gene expression via modification of 78 

histone complexes, it had been suggested that the cellular effects exerted by HDACI must also 79 

occur as a result of their effects on non-histone targets. Indeed, the acetylation-dependent signal 80 

transduction observed for the type I IFN receptor (IFNAR1/2) is a very good example. Tang et 81 

al. showed that CREB-binding protein acetylates the SH2 cytoplasmic domain of IFNAR2 82 

causing recruitment of IRF-9 and subsequent formation of the ISGF3 complex, which are 83 

necessary for signal transduction [12]. Another example is the observed effect that inhibition of 84 

HDAC6 by HDACi or siRNA methods dramatically increases the acetylation of α-tubulin and its 85 

association with cortactin, which results in dramatic cytoskeletal changes [13, 14]. 86 

TSA and SAHA have been shown to be quite effective in decreasing immunological 87 

disorders in animal models. TSA reduced leukocyte infiltration and cytokine production in 88 
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murine models of airway inflammation, colitis, arthritis, and transplant rejection [15, 16]. TSA 89 

also has been shown to down modulate the expression of inflammatory genes upon TLR 90 

engagement in murine macrophages and dendritic cells, as well as inhibit T cell activation [17-91 

19]. Particularly, in pDC TSA has been shown to inhibit the production and release of IFN-α, 92 

TNF-α, and IL-6 upon CpG stimulation by affecting IFN mRNA steady state levels [20, 21]. 93 

SAHA also has been implicated in the downregulation of immune responses. For example, 94 

SAHA reduced LPS- or IFN-γ-induced IL-12 and IL-18 production from human PBMC and 95 

LPS-induced IL-12 and Edn-1 mRNA levels from murine bone-marrow derived monocytes [18, 96 

22].  97 

In this study, we report the potential of TSA, MS-275and SAHA for partially interfering with 98 

virus-induced human pDC IFN-α and TNF-α production, maturation and activation by disturbing 99 

TLR7/9-mediated signal transduction events in vitro. We propose that the early regulation of 100 

phosphorylation of cytoplasmic transcription factors can partially explain the inhibition of pDC 101 

function in the context of viral activation.  102 
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Materials & Methods 103 

Cell preparation 104 

Heparinized peripheral blood was obtained from consenting healthy adult donors under a 105 

protocol approved by the Rutgers NJMS Institutional Review Board.  PBMC were isolated using 106 

Ficoll-hystopaque (Sigma-Aldrich) gradient centrifugation and resuspended at 1-2 x 106 cells/ml 107 

in RPMI-10% FCS (RPMI 1640 w/L-glutamine (Cellgro Gibco) supplemented with 10% FCS 108 

(Cellgro Gibco), 1% PEN/STREP (Cellgro Gibco), 25 mM HEPES buffer (Sigma-Aldrich). For 109 

some experiments PBMC were further enriched for pDC using negative isolation kit (Pan-DC 110 

Enrichment kit, human). H9 T cells were obtained through the NIH AIDS Reagent Program, 111 

Division of AIDS, NIAID, and NIH maintained in RPMI-10% FCS. 112 

TLR agonists 113 

Herpes simplex virus type 1 (HSV-1) strain 2931 (originally obtained from Dr. Carlos Lopez, 114 

then at the Memorial Sloan-Kettering Cancer Center, New York, USA) was grown and tittered in 115 

VERO cells. HSV-1 was used to stimulate PBMC or pDC at an MOI of 1 and Influenza A Virus 116 

(IAV) strain PR8 (Charles River Laboratories, Wilmington Massachusetts, USA) was used at an 117 

MOI of 2. For intracellular cytokine detection, 5 μg/ml of Brefeldin A (Sigma-Aldrich) was 118 

added 2 hours prior to the end of the incubation period. CpG-B ODN #1826 (Invivogen) was 119 

used at 5 μg/ml for stimulation in all experiments. 120 

HDAC inhibitors (HDACi) 121 

Trichostatin A (TSA) was purchased from Sigma-Aldrich (St. Louis, MO) and used in a dose 122 

response or at 330 nM (100 ng/ml) fixed concentration; MS-275 was used at 5 µM (Selleck 123 

Chemicals, Houston, TX). Suberoylanilide hydroxamic acid (SAHA, Vorinostat) used in a dose 124 

response or at a 500 nM fixed concentration (Sigma-Aldrich, St. Louis, MO). The vehicle control 125 
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DMSO(Sigma-Aldrich, St. Louis, MO) and was used at 0.01% to match TSA and SAHA 126 

concentrations, 1% to match MS-275, and 5% to match MC1568. 127 

pDC maturation assay 128 

PBMC were stimulated with HSV-1, IAV, or CpG-B ODN (5 μg/ml) for 8 hours and then 129 

surface staining was performed using the following abs anti-human BDCA-2-PE (clone AC144; 130 

Biolegend), CD123-PeCy7 (clone 6H6; Biolegend), CD80 PerCPCy5.5 (clone 2D10; 131 

Biolegend), -CD40 APCCy7 (clone SC3; Biolegend), and -CD62L AF700 (DREG-56; 132 

Biolegend), CD86 FITC (clone 2331 (FUN-1); BD Biosciences) . Isotype controls were used at 133 

the same concentrations as the corresponding antibodies and were the following: PerCPCy5.5 134 

IgG1 (MOPC-21; Biolegend), APCCy7 IgG1 (MOPC-21; Biolegend), AF700, IgG1 (MOPC-21; 135 

Biolegend), FITC IgG1 (MOPC-21; BD Biosciences), қ isotype controls.  136 

IFN-α ELISA 137 

PBMC were activated with TLR7/9 stimuli for 18 hr. in the presence or absence of HDACI and 138 

supernatants were collected and stored at -80o C. Supernatants were then thawed and assayed 139 

using the human IFN-α module set for ELISA (Bender MedSystems). Absorbance was measured 140 

at 450 nm using a GENios TECAN ELISA plate reader.  141 

Surface and Intracellular Staining 142 

For surface staining, cells were washed with cold 0.1% BSA in PBS and blocked with 5 μl of 143 

heat-inactivated, pooled human serum for 5 minutes. Surface antibody combinations were used 144 

to specifically identify pDC, anti-human BDCA-2-PE (clone AC144; Miltenyi Biotech) and anti-145 

human CD123-APC (clone 6H6; Biolegend). Cells were incubated with surface antibodies at 4oC 146 

for 30 minutes, then washed once with cold wash buffer, and subsequently fixed in 1% PBS 147 

overnight; if intracellular staining was to follow the next day. For intracellular staining 148 
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overnight-fixed samples were washed with 2% FCS in PBS and then permeabilized with either 149 

0.1% Triton-X (for intracellular cytokine and transcription factor staining) in 2% FCS in PBS for 150 

5 minutes or 0.5% Saponin (for intracellular cytokine staining) in PBS for 15 minutes at room 151 

temperature (RT). Cells were washed and incubated with antibodies to human IFN-α biotin 152 

(clone MMHA2; PBL), TNF-α-Pacific Blue (clone MAb11; Biolegend) or TNF-α FITC (clone 153 

cA2; Miltenyi Biotech), and Zenon-labeled (Invitrogen)-anti-IRF-7-AF488 (clone, G-8, Santa 154 

Cruz) or AF488 Zenon-labeled (Invitrogen) mouse IgG2a isotype control (clone UPC-10; 155 

Sigma-Aldrich,), for 30 minutes at RT. Then, samples were washed with PBS once and then 156 

stained with Streptavidin- PECY7 (Biolegend) for 30 minutes at RT. Samples were then washed 157 

twice, once with wash buffer and then with PBS, and then samples were fixed in 1% PFA in 158 

PBS. Samples were processed in a BD LSR II flow cytometer by acquiring 300,000 events, then 159 

data were analyzed with FlowJo software 6.0v. 160 

Nuclear translocation assay  161 

Enriched pDC were stimulated for 4 hr with HSV-1 (MOI of 1) or IAV (MOI of 2) in the 162 

presence or absence of TSA, SAHA, or DMSO vehicle. Samples were then surface-stained using 163 

anti-human BDCA-2-PE (clone AC144; Miltenyi Biotech). After the cells were washed and 164 

fixed overnight,  they were washed with 2% FCS in PBS and permeabilized with 0.1% Triton-X 165 

in 2% FCS in PBS for detection of human IRF-7 or with 0.5% Triton-X 2% FCS in PBS for 166 

detection of human NF-қB , for 5 min. at RT. In separate experiments, cells were washed and 167 

directly stained with Zenon-labeled anti-human IRF-7-AF488 (clone G-8; Santa Cruz) or 168 

indirectly stained with purified anti-NF-kB p65 antibody (clone poly6226; Biolegend) for 30 169 

minutes. Samples were then washed with 2% and stained with 2% FCS in PBS and subsequently 170 

washed stained with goat anti-rabbit IgG –FITC secondary (BD) for 30 minutes at RT. Samples 171 

were then washed with 2% FCS in PBS and transferred to 0.5 ml low adhesion Eppendorf tubes 172 
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for acquisition by ImageStream IS100. DRAQ5 (Invitrogen) was used at 1:500 to stain the nuclei 173 

prior to acquisition and 10,000 events were acquired from each sample. Data were analyzed 174 

using IDEAS software 5.0v. First, single events were identified by plotting the Bright Field (BF) 175 

aspect ratio vs. area, then events in focus were gated in a gradient RMS histogram of the DRAQ5 176 

nuclear stain, and IRF-7+/BDCA-2+ pDC were gated on a dot plot of the BDAC-2 vs. IRF-7 177 

intensities, finally the percent of IRF-7 translocation was gated in a IRF-7/DRAQ5 similarity 178 

score histogram and reported as % translocated. 179 

BD PhosflowTM Assay 180 

Phosphorylation of IRF-7 and NF-қB p65 was measured at 3 hr after HSV-1 or IAV stimulation 181 

by adding 1 ml of BD Cytofix to 1 ml of cell culture for 10 minutes at 37ºC, then cells were 182 

washed with 2% FCS-PBS and surface-stained with anti-human HLA-DR-Pacific Blue or -APC 183 

(clone L243; Biolegend) and anti-human CD123-FITC or -PeCy5 (clone 6H6; Biolegend) 184 

antibodies for 30 minutes at 4ºC. Cells were washed and fixed with 300 μl of 2% PFA - PBS on 185 

ice for 10 minutes. Then samples were permeabilized on ice by adding, drop by drop, cold BD 186 

Perm Buffer III for detection of phosphorylated IRF-7 (pIRF-7); or cold 70% ethanol, for 187 

detection of phosphorylated NF-қB p65 (pNF-қB). Samples were incubated on ice for 1 hr. , then 188 

washed with 2% FCS - PBS and stained with Mouse anti-IRF-7-PE (pS477/pS479, clone K47-189 

671; BD Biosciences) or Mouse anti-NF-қB p65-Alexa Fluor 647 (pS529, clone k10-895.12.50; 190 

BD Biosciences) or  for 30 min. at RT. Cells were subsequently washed and fixed with 1% PFA-191 

PBS for flow cytometric analysis. PBMC were gated based on SSC-A vs. FSC-A (Area) and 192 

pDC were identified by gating on double positive HLA-DRhigh/CD123high events on a HLA-DR-193 

APC vs. CD123-PE intensity dot plot, then the percentage of phosphorylated IRF-7+ or NF-қB 194 

p65+ was identified based on the unstimulated control. 195 

  196 
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Statistics 197 

Statistical analyses were performed using GraphPad Prism software 5.0. Data are expressed as 198 

mean ± SEM; Data were analyzed with one-way ANOVA with Bonferroni’s post hoc test; * = 199 

p<0.05; ** = p<0.01; *** = p<0.001).  200 
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Results 201 

HDACi inhibit HSV-1 and IAV-induced pDC production of IFN-α and TNF-α 202 

and upregulation of maturation markers 203 

Several studies have shown the effects of HDACi on the function of dendritic cells, 204 

macrophages, and T lymphocytes [17, 18, 20, 23-25], mostly in the context of mitogen treatment, 205 

such as phytohemagglutinin or concanavalin A for T cells or synthetic TLR stimulants, such as, 206 

lipopolysaccharide or CpGs. This study focuses on the effects caused by HDACI on human pDC 207 

biology while using natural TLR7/9 viral stimulators that mimic natural viral activation. We pre-208 

treated human PBMC with broad class I/II HDACi TSA for 1 hr., and included MS-275 in order 209 

to compare the inhibition profile when only a class I HDACi is used, then stimulated with either 210 

TLR9-specific viral stimulant HSV-1 or TLR7-specific viral stimulant IAV for 6 hrs. After 211 

incubation, PBMC were processed for surface staining for specific pDC markers and 212 

intracellular staining for IFN-α and TNF-α production. A representative analysis from dosing 213 

experiments, demonstrating the effects of TSA and MS-275 on HSV-1 and IAV-induced 214 

cytokine production of IFN-α and TNF-α at 6 hours, is shown in Fig. 1A and 1C, along the 215 

gating strategy utilized to derive the data (Suppl. Fig. 1). In these experiments a dose-dependent 216 

inhibition of intracellular IFN-α and TNF-α  that reached statistical significance at 100 ng/ml 217 

(330 nM) for TSA (Fig. 1B) and 5 μM for MS-275 (Fig. 1D) was observed, except for TNF-α, 218 

for which only a negative trend occurred with MS-275. Our findings were consistent with 219 

observations by Salvi et al. that used synthetic TLR agonists, but not natural ligands [20]. Since, 220 

the concentrations were found to be non-toxic for pDC by Annexin-V/7-AAD staining and did 221 

not affect pDC numbers at 6 hours (Suppl. Fig. 2), they were used in subsequent experiments. 222 

Furthermore, the inhibitory effect by TSA (Fig. 2A) and MS-275 (Fig. 2B) persisted at 18 hours 223 
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in PBMC supernatants by ELISA, for which a more prominent inhibition was observed when 224 

using IAV, a TLR7 stimulant, than with HSV-1, which signals for IFN production through 225 

TLR9.  226 

The effects by HDACi on TLR-induced pDC maturation were differential. TSA, but not 227 

MS-275, significantly and consistently inhibited CD86 and CD40 upregulation in pDC (Fig. 3A-228 

C). Interestingly, the upregulation of CD83 expression was inhibited by TSA only when IAV 229 

was the stimulus, but not for HSV-1 or CpG-B, which are TLR9 agonists (Fig. 3C). 230 

Additionally, there was no effect on CD40 upregulation by MS-275 for both TLR7 and 231 

9stimulation (Fig. 2C). Moreover, the presence of the homing molecule CD62L (L-selectin), 232 

which is shed by pDC upon activation by viruses, was decreased by TSA only with HSV-1 or 233 

CpG-B TLR9 engagement, but not with IAV, whereas MS-275 had no effect (Fig. 2E). These 234 

effects on maturation markers were associated with inhibition of IFN-α at 6 hours, which verified 235 

the previously demonstrated inhibitory effect by TSA and MS-275 (data not shown).  236 

At this point, we decided to add a more clinically relevant HDACi as part of our study. 237 

SAHA, also known as Vorinostat, has been implicated in the downregulation of innate immune 238 

function in various animal models [17, 18, 25]. In addition, SAHA, marketed as Zolinza is FDA-239 

approved for the treatment of cutaneous T cell lymphoma, and it is being utilized in over 64 240 

active clinical trials alone or in combination with other therapies for the treatment of several 241 

cancer indications including solid tumors and hematological cancers. After following the same 242 

experimentation modality as with TSA and MS-275, we observed that SAHA also inhibited the 243 

production of IFN-α and TNF-α cytokines in a dose-dependent manner and this inhibition was 244 

statistically significant at 500 nM (Fig. 4A-C) without causing pDC apoptosis (data not shown). 245 

We concluded that in most instances, treatment with a broad and a Class I HDACi can 246 

effectively inhibit TLR7/9-induced cytokine production and maturation. However, using a class I 247 
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HDACi has less impact on TLR-induced pDC maturation. Moreover, the outcome can vary 248 

depending on whether TLR7 or TLR9 stimulus is used suggesting a differential effect on 249 

upstream or downstream process during signaling 250 

 251 

TSA and MS-275, but not SAHA, downregulate HSV-1-mediated IFN-α 252 

production without affecting IRF-7 upregulation 253 

Plasmacytoid DC express high constitutive levels of IRF-7, which is crucial for the rapid 254 

response of human pDC to host infection and IRF-7 basal levels, are rapidly upregulated upon 255 

viral stimulation through the TLR7/9 pathways [4, 5]. Interestingly, IRF-7 expression has been 256 

shown be negatively affected by HDACi treatment in murine bone marrow-derived macrophages 257 

stimulated with TLR2/4 ligands [25]. Thus, we questioned whether the previously observed 258 

inhibition of IFN-α in the presence of TSA, MS-275, or SAHA could be associated with a 259 

detrimental effect on IRF-7 expression. Surprisingly, pre-treatment of PBMC with TSA or MS-260 

275 had no inhibitory effect on basal levels of IRF-7 in pDC or on HSV-1- and IAV-induced 261 

upregulation of IRF-7, but consistently inhibited IFN-α production (Fig. 5B, C). In contrast, 262 

SAHA inhibited IRF-7 upregulation only when IAV was utilized as a TLR agonist, but not when 263 

HSV-1 was used (Fig. 5D). 264 

Thus, the effect observed by TSA, MS-275, and SAHA on cytokine production was 265 

independent of detrimental effects on TLR9-induced IRF-7 upregulation as well as on IRF-7 266 

basal levels and suggested a alternative inhibitory mechanism of pDC function by HDACi. 267 
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TSA, MS-275, and SAHA detrimentally affect HSV-1-induced IRF-7 and NF-kB 268 

p65 nuclear translocation 269 

Based on our previous results that showed the inhibition of IFN-α upregulation by all 270 

HDACi, we questioned whether the inhibitory effect was caused by a downregulation of the 271 

upstream regulatory pathway that naturally leads to the upregulation of cytokines and maturation 272 

markers in pDC.  We first interrogated the effect of TSA, MS-275, and SAHA on IRF-7 nuclear 273 

translocation upon HSV stimulation. To this end, we utilized a pDC negative enrichment 274 

approach followed by imaging flow cytometry to quantitatively measure IRF-7 at 4 hours, which 275 

is critical for induction of IFN-α. A representative analysis of how nuclear translocation was 276 

measured using ImageStream, showing the gating strategy based on the vehicle control, is shown 277 

in Figure 5A with sample images of translocated and non-translocated events (Fig. 6B). TSA 278 

significantly decreased the HSV-1 and IAV-induced IRF-7 nuclear translocation (Fig. 6C, D). 279 

Moreover, SAHA and MS-275 had a similar effect, but to a lesser extent than TSA. (Suppl. Fig. 280 

3). 281 

In order to gain more insight into the effects of HDACi on TLR signaling and considering the 282 

inhibitory effects on maturation markers and TNF-α production observed previously, we also 283 

interrogated the status of the NF-κB transcription factor. Following a similar treatment time and 284 

assay setup as with IRF-7; we interrogated the nuclear translocation of NF-κB p65 subunit post 285 

IκBα degradation. Representative histograms from Image Stream analysis showing the inhibitory 286 

effect on NF-κB p65 nuclear translocation in the presence of TSA and SAHA are shown in 287 

Figure 7A. We observed that both TSA and SAHA significantly decreased NF-κB p65 nuclear 288 

translocation (Fig. 7B). Interestingly, we also observed a decrease in overall NF-κB fluorescence 289 
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in the presence of SAHA, but not TSA, suggesting that SAHA can affect overall NF-κB p65 290 

protein expression in pDC (Fig. 7C).  291 

We concluded that the previously observed TSA and SAHA-mediated inhibition of the 292 

production of IFN-α and TNF-α can be partially explained by a failure of these transcription 293 

factors to translocate into the nucleus in the presence of TSA, MS-275and SAHA. In addition, 294 

the data suggest that upstream signaling pathways are affected by HDACi in TLR-mediated pDC 295 

activation. 296 

 297 

HSV-1-induced IRF-7 and NF-kB p65 activation is decreased in the presence of 298 

TSA, MS-275, and SAHA 299 

Given that the activation of IRF-7 and NF-κB is upstream of nuclear translocation, we 300 

hypothesized that TSA and SAHA can disrupt the activation of TLR-mediated signaling cascade 301 

by negatively impacting the phosphorylation of IRF-7 and NF-қB p65. In order to answer this 302 

question, PBMC were isolated and pre-treated with TSA or SAHA for 1 hour, then stimulated 303 

with HSV-1 for 3 hours, then we utilized BD PhosflowTM assays to assess the phosphorylation 304 

status of IRF-7 and NF-қB p65 in the presence of TSA, MS-275, SAHA.  305 

An example of the BD PhosflowTM cytometry analysis (Suppl. Fig. 4) shows our switching 306 

from anti-human BDCA-2 to HLA-DR antibodies since the BDA-2 antibody is sensitive to the 307 

fixation method required for PhosflowTM. 308 

Using HLA-DR and CD123 mAbs for detection of pDC, as well as a mAb that recognizes 309 

phosphorylated serines 477 and 479 of IRF-7 and a polyclonal antibody that recognizes the 310 

phosphorylated p65 subunit of NF-қB, a representative analysis using IAV as a TLR agonist 311 

shows the effect of HDACi on these transcription factors is shown in Fig. 8A. We determined 312 
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that TSA, but not MS-275 or SAHA, partially reduced the phosphorylation of these transcription 313 

factors when HSV-1, but not IAV, was the stimulus (Fig. 8B-D, top panels). In contrast, when 314 

IAV was the stimulus, IRF-7 and NF-қB p65 phosphorylation was markedly decreased in the 315 

presence of all HDACi (Fig. 8B-D, bottom panels). 316 

Thus, the effect of HDACi on transcription factor activation can vary depending on the TLR 317 

pathways, 7 or 9, that is activated in human pDC. These and our previous results show a 318 

selectivity for signaling pathways affected by HDACi.  319 
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Discussion 320 

Our current study explored the effects of TSA and SAHA, two broad class I and II HDACi, 321 

and MS-275, a class I HDACi on human pDC biology. We observed that all HDACi used in this 322 

study exerted a deleterious effect on IFN-α and TNF-α production upon viral TLR7/9 323 

stimulation. In addition, TLR-mediated upregulation of maturation markers was observed for 324 

TSA, but not MS-275. These effects were strongly associated with disturbances in IRF-7 and 325 

NF-kB transcription factor nuclear translocation and phosphorylation. 326 

We were particularly interested on the effect by HDACi during early pDC stimulation 327 

because pDC are the primary IFN producers during viral infection and any treatment that affects 328 

pDC would inevitably have a direct repercussion on the anti-viral first line defenses. Our 6-hour 329 

intracellular experiments revealed that TSA and MS-275 all inhibited HSV-1 and IAV-mediated 330 

IRF-7 upregulation without decreasing IRF-7 basal levels, but this was not the case for SAHA 331 

which was associated with a decline in said transcription factor upregulation. The effects 332 

observed for SAHA, but not TSA or MS-275, in IFN production could partially be explained by 333 

a decline in the upregulation of IRF-7. However, this decline could not have been due to a 334 

decrease in IRF-7 mRNA given that basal protein levels were stable. Interestingly, this scenario 335 

only affected IAV, but not HSV-1,-based stimulation indicating that TLR7 signaling is more 336 

susceptible to SAHA treatment than TLR9 signaling. 337 

Previously, it was shown that TSA negatively affected the IFN-stimulated upregulation of 338 

IRF-7 expression by inhibiting the formation of the interferon-stimulated gene 3 (ISGF3) 339 

complex (composed of STAT1/STAT2/IRF-9 proteins) and this was associated with impairment 340 

of STAT2 nuclear accumulation, but not STAT1, in mouse L929 cells [26]. Likewise, we 341 

previously reported the same effect by TSA in human pDC when using recombinant IFN-α to 342 
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trigger the IFN receptor (IFNR) [27]. Hence, in the current study the observed inhibition of total 343 

IFN-α production at 24 hours by TSA could partially be attributed to the interruption of signaling 344 

events in the IFNR axis; while MS-275 remains to be investigated in this regard. On the other 345 

hand, stimulation of TLR7 or 9 in the presence of TSA and MS-275 did not inhibit upregulation 346 

of IRF-7, yet it blocked cytokine production. We can infer from this finding that HDACi effects 347 

on transcription factor expression may not be the only inhibitory pathway that leads to inhibition 348 

of pDC biology. 349 

TSA, but not MS-275 exhibited dramatic effects on TLR7/9-induced pDC upregulation to 350 

maturation markers and activation. We did not expect to observe a complete lack of inhibition, 351 

and in some instances, an increase in maturation marker expression by MS-275. Nencioni et al. 352 

[24] showed that nanomolar concentrations of MS-275 inhibited poly I: C-induced CD86/CD83 353 

upregulation of IL-4/GM-derived human MDDC in a dose-dependent manner. Even though we 354 

used MS-275 at a concentration 125 times higher than the highest dose used by Nencioni et al. 355 

for MDDC, it was not strong enough to negatively affect pDC maturation. The concentration 356 

used in our studies was based on studies by Nebbioso et al. [28], which showed that MS-275 at 5 357 

μM specifically affected canonical class I HDACs activity in an in-vitro system for testing of 358 

HDAC enzymatic activity [28]. Hence, we propose that in human pDC the regulation of Class II 359 

HDACs is important for TLR7/9 signaling events that are critical for pDC maturation possibly 360 

via the MAP-kinase pathway. Moreover, the observed effect could also be attributed to HDACi 361 

potency, which has been shown to be stronger for TSA and SAHA than for MS-275 as evidence 362 

by the acetylation of tubulin in MCF-7 cells [29].  363 

Interestingly, the inhibition of IAV-induced CD83 upregulation was not observed for HSV-1 364 

and CpG-B-induced CD83 upregulation by TSA, which suggests that HDACi effect, may be 365 

dependent on the nature of the TLR agonist. It remains to be explored whether a TLR7 ligand, 366 
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other than IAV, such as synthetic 3M-003, which has been shown in our laboratory to induce 367 

IFN-α without inducing IRF-7 translocation (unpublished results), would result in a similar 368 

inhibitory profile with TSA or SAHA. While exploring the effects on the pDC homing receptor 369 

ligand CD62L, we discovered a marked decreased on this ligand on the pDC surface in the 370 

presence of TSA. The absence of CD62L on the pDC surface could either mean a decrease 371 

protein output or an accelerated state of shedding. In either case, the effect would result in 372 

incapacity by pDC to home to secondary lymphoid tissues and elicit an immune response during 373 

a viral infection. 374 

Because of the observed TSA-induced effects on IFN- early post stimulation at 6 hours and 375 

later on activation and maturation markers, we questioned the effects of TSA and SAHA on IRF-376 

7 and NF-қB nuclear translocation. IRF-7 nuclear translocation is the hallmark signaling event 377 

that leads to IFN-α production in pDC [3]. Moreover, nuclear translocation of NF-қB is known 378 

to induce the expression of TNF-α and pro-inflammatory cytokine production [30]. We observed 379 

a very strong inhibition of IRF-7 nuclear translocation, and a moderate inhibition of NF-қB p65 380 

nuclear translocation, at 4 hours of HSV-1 or IAV stimulation in the presence of TSA or SAHA. 381 

Our results are consistent with those reported by Salvi et al. [20], which showed a mechanism of 382 

inhibition by evidence of decreased IFN-α mRNA levels and IRF-7 nuclear translocation upon 383 

synthetic bacterial TLR-9 agonist using a qualitative approach [20]. We strongly believe our 384 

study formulates a clearer picture of a possible mechanism of inhibition by the following criteria: 385 

first, we used pDC that were not cross-linked via the BDCA-4 receptor by positive enrichment 386 

which can impact pDC function; second we used a more biologically relevant viral model of 387 

stimulation not shown before in combination with TSA, SAHA, and MS-275 in human pDC; 388 

third, weuse a clinically relevant HDACi, SAHA; fourth the dissection of additional IRF-7 and 389 

NF-қB signaling effects by their phosphorylation and nuclear translocation changes in the 390 
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presence of HDACi. The dramatic TSA-mediated inhibitory effect on virus-induced IRF-7 391 

translocation did not correlate with the incomplete inhibition of IFN-α production. We reasoned 392 

that TSA may affect other transcription factors, such as IRF-5, which has also been shown to be 393 

involved in the induction of IFN-α gene expression. Interestingly, IRF-5 is activated via 394 

phosphorylation by RIP2, a kinase known to function downstream of NOD2 signaling [31] and 395 

IRF-5 phosphorylation was associated with CBP recruitment and subsequent acetylation of 396 

IFNA promoter, which was blocked by TSA [32]. Thus, it is possible that inhibition of IRF-5 397 

activity by TSA could be responsible for the unaccounted inhibition of TLR7/9-induced cytokine 398 

production, but further experimentation is required to answer this question. 399 

Not only was type I IFN strongly inhibited by TSA and SAHA, but also TNF-α; a pro-400 

inflammatory cytokine, which acts on other immune cells and different tissues, like the liver and 401 

hypothalamus, inducing fever and an acute phase responses. While we have shown here that 402 

TSA and SAHA-mediated inhibition of NF-қB p65 activation is indeed one of the causes for 403 

TNF-α downregulation, it is possible that the inhibitory effect on TNF-α production may also be 404 

caused by a direct effect on the regulation of NF-қB mRNA transcript production. Chen et 405 

al.[33] showed that mutations to S536 and S276 in NF-қB p65 (RelA) negatively affected 406 

acetylation of K310, and this in turn negatively affected RelA expression [33]. In addition, 407 

SAHA has been shown to decrease NF-қB/DNA binding in cancer cell lines, which was 408 

associated with a decrease in the production of TNF-α protein [34]. Finally, we also observed a 409 

moderate and statistically significant reduction in NF-kB p65 protein expression by ImageStream 410 

flow cytometry suggesting a possible reduction in the NF-kB p65 mRNA levels.  411 

 Recently, van Noort et al. elegantly and clearly showed that a cross-talk between acetylation 412 

and phosphorylation exists in prokaryotes [35]. Their findings prompted us to ask the question 413 

whether TSA, MS-275, or SAHA negatively affect the activation state of IRF-7 and NF-қB in 414 
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primary pDC. Our results showed that TSA moderately, and partially, affected total amount of 415 

phosphorylated IRF-7 in pDC. In our studies, the phosphorylation of IRF-7 by BD Phosphoflow 416 

never reached 100% of pDC at 3 hours of stimulation with IAV and HSV-1, neither did a shorter 417 

(1 hour) or a longer (5 hour) time point increase the phosphorylation level IRF-7 higher than our 418 

current observations at 3 hours (data not shown); suggesting that the induction of IFN-α is not 419 

solely due to the activation of IRF-7, but possibly due to other post translational modifications on 420 

IRF-7. Interestingly, nuclear acetylation of IRF-7 has been demonstrated to occur by Caillaud et 421 

al. in another cell system and its acetylation promoted DNA binding to the ISG [36]. Given that 422 

acetylation and deacetylation of proteins are widespread processes that also extend to the 423 

cytoplasm; we propose that a HDACi can affect the acetylation/phosphorylation balance causing 424 

a deregulation of IRF-7 and NF-қB activation. 425 

 It is clear from our IRF-7 and NF-kB activation study that the nature of the TLR agonist 426 

plays a role. For example, TSA indiscriminately inhibited both HSV-1 and IAV action of said 427 

transcription factors, SAHA inhibition when IAV was present was statistically significant, and 428 

shows a trend when HSV-1 was used, which was not statistically significant. This difference is 429 

more obvious with MS-275 for which it is clear that its strongest and clearest pattern were 430 

observed when IAV was used and only for NF-kB phosphorylation, but not IRF-7. Yet, MS-275 431 

inhibited IRF-7 translocation indicating that the inhibition in translocation can also be caused by 432 

other unknown mechanism beside an effect on IRF-7 phosphorylation. Currently, it is unclear 433 

how TSA, SAHA, and MS-275 moderately inhibited the activation of IRF-7 and NF-қB p65 434 

upon TLR stimulation; however, the negative impact of HDACi on pDC nibbling may offer an 435 

explanation (data not shown). PDC nibbling is a hallmark process that leads to pDC activation 436 

via TLR signaling. It is via pDC nibbling that exogenous material is endocytosed into endosomal 437 

TLR7+/9+ compartments. Since endosomal compartments are important sites of RNA-TLR7 and 438 
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DNA-TLR9 interactions, and these interactions are dependent on F-actin dynamics-as they are 439 

inhibited by F-actin polymerization inhibitor Cytochalasin-D, it is possible that inhibition of the 440 

pDC nibbling process by HDACi is affecting downstream TLR7 and -9 signaling. Considering 441 

that TSA has a high affinity for HDAC6 as a target [37], and has been shown to target cortactin, 442 

a F-actin related molecule whose acetylation controls its binding to F-actin and its dynamics 443 

[13]. That explanation may suffice for TSA, however, our data shows that MS-275 (data not 444 

shown), which is known to have no effect on HDAC6 activity, but HDAC1, 2, and 3 instead, was 445 

also able to inhibit pDC nibbling suggesting a different inhibitory pathway for MS-275 that 446 

excluded uptake. 447 

 In conclusion, we have demonstrated that HDACs play a very important role in the TLR7/9-448 

induced function in human pDC. Our data demonstrate that HDACi, TSA, MS-275, and SAHA 449 

have quite detrimental effects on pDC cytokine production, maturation, and nibbling abilities 450 

caused by partial interruption of TLR7/9 signaling in human pDC. Our work complements the 451 

growing literature that demonstrates the negative effects of HDACi on innate immunity, 452 

especially at it relates to virus-induced pDC activation. Importantly, as HDACi are making their 453 

way into the clinic to reactivate HIV in a shock and kill strategy, it may be prudent to consider 454 

the addition of a co-therapy to aid the innate arm of the immune system such as supplementation 455 

of IFN during HDAC treatment.  456 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 9, 2020. ; https://doi.org/10.1101/2020.05.09.085456doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.09.085456


 

23 
 

Acknowledgements 457 

We thank Drs. Elizabeth Raveche, Christine Rohowsky-Kochan, and Theresa Chang (Rutgers 458 

University Research Faculty) for their scientific discussions. We thank Ms. Katherine Lamauro 459 

for assisting in completing final manuscript revisions and corrections (Research Intern at JTCC-460 

Hackensack-Meridian) 461 

Author Contributions 462 

Conceived and designed the experiments: DBDM, JD, and PFB. Performed experiments: 463 

DBDM. Analyzed the data: DBDM. Provided technical and analytical expertise with Imaging 464 

Flow cytometry: SS and PFB. Wrote manuscript: DBDM. Edited manuscript: PFB and JD.  465 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 9, 2020. ; https://doi.org/10.1101/2020.05.09.085456doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.09.085456


 

24 
 

References 466 

1. Fitzgerald-Bocarsly, P., J. Dai, and S. Singh, Plasmacytoid dendritic cells and type I IFN: 50 years 467 
of convergent history. Cytokine Growth Factor Rev, 2008. 19(1): p. 3-19. 468 

2. Yin, Z., et al., Type III IFNs are produced by and stimulate human plasmacytoid dendritic cells. J 469 
Immunol, 2012. 189(6): p. 2735-45. 470 

3. Bonjardim, C.A., P.C. Ferreira, and E.G. Kroon, Interferons: signaling, antiviral and viral evasion. 471 
Immunol Lett, 2009. 122(1): p. 1-11. 472 

4. Dai, J.H., et al., Regulation of IFN regulatory factor-7 and IFN-alpha production by enveloped 473 
virus and lipopolysaccharide in human plasmacytoid dendritic cells. Journal of Immunology, 474 
2004. 173(3): p. 1535-1548. 475 

5. Izaguirre, A., et al., Comparative analysis of IRF and IFN-alpha expression in human plasmacytoid 476 
and monocyte-derived dendritic cells. J Leukoc Biol, 2003. 74(6): p. 1125-38. 477 

6. Megjugorac, N.J., et al., Virally stimulated plasmacytoid dendritic cells produce chemokines and 478 
induce migration of T and NK cells. J Leukoc Biol, 2004. 75(3): p. 504-14. 479 

7. Cella, M., et al., Plasmacytoid monocytes migrate to inflamed lymph nodes and produce large 480 
amounts of type I interferon. Nat Med, 1999. 5(8): p. 919-23. 481 

8. Genin, P., et al., Recruitment of histone deacetylase 3 to the interferon-A gene promoters 482 
attenuates interferon expression. PLoS One, 2012. 7(6): p. e38336. 483 

9. Minucci, S. and P.G. Pelicci, Histone deacetylase inhibitors and the promise of epigenetic (and 484 
more) treatments for cancer. Nat Rev Cancer, 2006. 6(1): p. 38-51. 485 

10. Glaser, K.B., et al., Gene expression profiling of multiple histone deacetylase (HDAC) inhibitors: 486 
defining a common gene set produced by HDAC inhibition in T24 and MDA carcinoma cell lines. 487 
Mol Cancer Ther, 2003. 2(2): p. 151-63. 488 

11. Chambers, A.E., et al., Histone acetylation-mediated regulation of genes in leukaemic cells. Eur J 489 
Cancer, 2003. 39(8): p. 1165-75. 490 

12. Tang, X., et al., Acetylation-dependent signal transduction for type I interferon receptor. Cell, 491 
2007. 131(1): p. 93-105. 492 

13. Zhang, X., et al., HDAC6 modulates cell motility by altering the acetylation level of cortactin. Mol 493 
Cell, 2007. 27(2): p. 197-213. 494 

14. Zhang, Y., et al., HDAC-6 interacts with and deacetylates tubulin and microtubules in vivo. EMBO 495 
J, 2003. 22(5): p. 1168-1179. 496 

15. Choi, J.H., et al., Trichostatin A attenuates airway inflammation in mouse asthma model. Clin Exp 497 
Allergy, 2005. 35(1): p. 89-96. 498 

16. Chung, Y.L., et al., A therapeutic strategy uses histone deacetylase inhibitors to modulate the 499 
expression of genes involved in the pathogenesis of rheumatoid arthritis. Mol Ther, 2003. 8(5): p. 500 
707-17. 501 

17. Bode, K.A., et al., Histone deacetylase inhibitors decrease Toll-like receptor-mediated activation 502 
of proinflammatory gene expression by impairing transcription factor recruitment. Immunology, 503 
2007. 122(4): p. 596-606. 504 

18. Halili, M.A., et al., Differential effects of selective HDAC inhibitors on macrophage inflammatory 505 
responses to the Toll-like receptor 4 agonist LPS. J Leukoc Biol, 2010. 87(6): p. 1103-14. 506 

19. Moreira, J.M., P. Scheipers, and P. Sorensen, The histone deacetylase inhibitor Trichostatin A 507 
modulates CD4+ T cell responses. BMC Cancer, 2003. 3: p. 30. 508 

20. Salvi, V., et al., Trichostatin A blocks type I interferon production by activated plasmacytoid 509 
dendritic cells. Immunobiology, 2010. 215(9-10): p. 756-61. 510 

21. Fanning, S.L., et al., Receptor cross-linking on human plasmacytoid dendritic cells leads to the 511 
regulation of IFN-alpha production. J Immunol, 2006. 177(9): p. 5829-39. 512 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 9, 2020. ; https://doi.org/10.1101/2020.05.09.085456doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.09.085456


 

25 
 

22. Leoni, F., et al., The antitumor histone deacetylase inhibitor suberoylanilide hydroxamic acid 513 
exhibits antiinflammatory properties via suppression of cytokines. Proc Natl Acad Sci U S A, 2002. 514 
99(5): p. 2995-3000. 515 

23. Kim, E.S. and J.K. Lee, Histone deacetylase inhibitors decrease the antigen presenting activity of 516 
murine bone marrow derived dendritic cells. Cell Immunol, 2010. 262(1): p. 52-7. 517 

24. Nencioni, A., et al., Histone deacetylase inhibitors affect dendritic cell differentiation and 518 
immunogenicity. Clin Cancer Res, 2007. 13(13): p. 3933-41. 519 

25. Roger, T., et al., Histone deacetylase inhibitors impair innate immune responses to Toll-like 520 
receptor agonists and to infection. Blood, 2011. 117(4): p. 1205-17. 521 

26. Genin, P., P. Morin, and A. Civas, Impairment of interferon-induced IRF-7 gene expression due to 522 
inhibition of ISGF3 formation by trichostatin A. J Virol, 2003. 77(12): p. 7113-9. 523 

27. Dante Descalzi, J.D., and Patricia Bocarsly-Fitzgerald, The histone deacetylase inhibitor, 524 
Trichostatin A, decreases TLR-mediated cytokine production in human plasmacytoid dendritic 525 
cells by negatively affedting IRF-7 phsphorylation and nuclear translocation. Journal of 526 
Immunology, 2011. Supplement 52.24(April 1). 527 

28. Nebbioso, A., et al., Selective class II HDAC inhibitors impair myogenesis by modulating the 528 
stability and activity of HDAC-MEF2 complexes. EMBO Rep, 2009. 10(7): p. 776-82. 529 

29. Androutsopoulos, V.P. and D.A. Spandidos, Antiproliferative effects of TSA, PXD101 and MS275 530 
in A2780 and MCF7 cells: Acetylated histone H4 and acetylated tubulin as markers for HDACi 531 
potency and selectivity. Oncol Rep, 2017. 38(6): p. 3412-3418. 532 

30. Bonjardim, C.A., P.C.P. Ferreira, and E.G. Kroon, Interferons: Signaling, antiviral and viral 533 
evasion. Immunology Letters, 2009. 122(1): p. 1-11. 534 

31. Foreman, H.C.C., et al., Activation of Interferon Regulatory Factor 5 by Site Specific 535 
Phosphorylation. Plos One, 2012. 7(3). 536 

32. Feng, D., et al., Differential Requirement of Histone Acetylase and Deacetylase Activities for IRF5-537 
Mediated Proinflammatory Cytokine Expression. Journal of Immunology, 2010. 185(10): p. 6003-538 
6012. 539 

33. Chen, L.F., et al., NF-kappaB RelA phosphorylation regulates RelA acetylation. Mol Cell Biol, 540 
2005. 25(18): p. 7966-75. 541 

34. Dai, Y., et al., Blockade of histone deacetylase inhibitor-induced RelA/p65 acetylation and NF-542 
kappaB activation potentiates apoptosis in leukemia cells through a process mediated by 543 
oxidative damage, XIAP downregulation, and c-Jun N-terminal kinase 1 activation. Mol Cell Biol, 544 
2005. 25(13): p. 5429-44. 545 

35. van Noort, V., et al., Cross-talk between phosphorylation and lysine acetylation in a genome-546 
reduced bacterium. Mol Syst Biol, 2012. 8: p. 571. 547 

36. Caillaud, A., et al., Acetylation of interferon regulatory factor-7 by p300/CREB-binding protein 548 
(CBP)-associated factor (PCAF) impairs its DNA binding. J Biol Chem, 2002. 277(51): p. 49417-21. 549 

37. Hubbert, C., et al., HDAC6 is a microtubule-associated deacetylase. Nature, 2002. 417(6887): p. 550 
455-8. 551 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 9, 2020. ; https://doi.org/10.1101/2020.05.09.085456doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.09.085456


5/9/2020

1

FIGURE 1. TSA and MS-275 inhibit HSV-1 and IAV-induced IFN-α and TNF-α
production in human pDC in a dose-dependent manner. PBMC were incubated with 
TSA and MS-275 at decreasing concentrations for 1 hour and then stimulated with HSV-1 
or IAV for 6 hours. Cells were then processed for intracellular flow cytometry to detect 
IFN-α and TNF-α production in pDC. Representative histograms showing the differential 
inhibition of intracellular HSV-1 and IAV-induced IFN-α and TNF-α production in pDC by 
TSA (100 ng/ml = 330 nM) or DMSO vehicle control (1:1000) (A), and MS-275 
(5 μM) or DMSO vehicle control (1:530) (C). Pooled data of dose curve experiments 
showing a dose-dependent inhibitory effect on HSV-1- (MOI of 1; squares) or IAV (MOI of 
2; triangles) -induced IFN-α and TNF-α by TSA (0-100 ng/ml) (C) and MS-275 (0-5 µM) 
(D) when compared to their respective vehicle controls. (TSA, N=3; MS-275, N=4; 3-4 
independent experiments from different donors; Data are expressed as mean ± SEM; 
Data were analyzed with 1-way ANOVA with Bonferroni’s post test; *p<0.05; **p<0.01; 
***p<0.001).
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FIGURE 2. TSA and MS-275 inhibit HSV-1 and IAV-induced total IFN-α
production in human pDC. PBMC were isolated and pre-treated with TSA 
(100 ng/ml) or DMSO vehicle control (1:1000) (A) and MS-275 (5 μM) or DMSO 
vehicle control (1:530) (B) for 1 hour and then stimulated with HSV-1 (MOI of 1) 
and IAV (MOI of 2) for 18 hours. Supernatants were collected and tested for 
IFN-α production by an ELISA assay. (N=4, 4 independent experiments from 
different donors; Data are expressed as mean ± SEM; Data were analyzed with 
1-way ANOVA with Bonferroni’s post test; *p<0.05; **p<0.01; ***p<0.001; N.D.= 
not detected)
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FIGURE 3. TSA and MS-275 inhibit the upregulation of pDC maturation markers upon TLR7/9 
stimulation, and increase the shedding of the activation marker CD62L. PBMC were incubated 
with TSA (100 ng/ml), MS-275 (5 μM), or DMSO (1:530) for 1 hour and then stimulated with HSV-1 
(MOI of 1), IAV (MOI of 2), or CpG-B (5 μg/ml) for 8 hours. Representative data derived from events 
first gated on PBMC, then pDC were identified by a BDCA-2+/CD123high gate. From this gate, 
histograms were derived and gates applied based on the unstimulated control in DMSO (Mock) (A). 
Surface expression of CD62L (B, top), CD40 (B, bottom), CD86 (C, top), CD82 (C, bottom) were 
measured by flow cytometry and reported as percentage. (N = 4, 4 independent experiments with 
different donors; Data are expressed as mean ± SEM; Data were analyzed with 1-way ANOVA and 
Bonferroni’s post test; *p<0.05; **p<0.01; ***p<0.001).
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FIGURE 4. SAHA inhibits HSV-1 and IAV-induced IFN-α and TNF-α production in human pDC. 
PBMC were incubated with SAHA at decreasing concentrations for 1 hour and then stimulated with 
HSV-1 or IAV for 6 hours. Cells were then processed with intracellular flow cytometry to detect IFN-α
and TNF-α production in pDC. Representative histograms showing the differential inhibition of 
intracellular HSV-1 (MOI of 1) and IAV-induced IFN-α and TNF-α production in pDC by SAHA (500 nM) 
or DMSO vehicle control (1:1000) (A). Pooled data of dose curve experiments showing a dose-
dependent effect on HSV-1- (MOI of 1; squares) or IAV (MOI of 2; triangles) -induced IFN-α (B) and 
TNF-α (C) by SAHA (0-1000 µM) when compared to the respective vehicle control. (N = 3; 3 
independent experiments from different donors; Data are expressed as mean ± SEM; Data were 
analyzed with 1-way ANOVA with Bonferroni’s post test; *p<0.05; **p<0.01; ***p<0.001).
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FIGURE 5. TSA and MS-275, but not SAHA, inhibits IAV and HSV-1-mediated IFN-α protein 
upregulation without decreasing IRF-7 upregulation. PBMC were pre-treated with TSA (100 
ng/ml), SAHA (500 nM) and DMSO vehicle control (1:1000) or MS-275 (5 μM) and DMSO (1:530), for 
1 hour and then stimulated with HSV-1 (MOI of 1) or IAV (MOI of 2) for 6 hours. IRF-7 (black bars) and 
intracellular IFN-α (gray bars) protein expression was measured concurrently by intracellular flow 
cytometry. Representative data showing the effect, on IAV-induced IFN (A, top) and IRF-7 (A, bottom) 
upregulation in pDC, by TSA, MS-275, and SAHA (A). Cumulative experiments showing the effect on 
HSV-1 (top) and IAV (bottom)-induced upregulation of IFN-α and IRF-7, by TSA (100 ng/ml) (B) and 
MS-275 (5 µM) (C) and SAHA (500 nM) (D). (N = 5; 5 independent experiments with different donors 
for IAV. N = 3; 3 independent experiments with different donors for HSV-1. Data are expressed as 
mean ± SEM; Data were analyzed with 1-way ANOVA with Bonferroni’s post test; (* = p<0.05; ** = 
p<0.01; *** = p<0.001).
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FIGURE 6. TSA decrease HSV-1 and IAV-induced IRF-7 nuclear translocation. Negatively 
enriched pDC were incubated with TSA (100 ng/ml = 300 nM), SAHA (1 µM), MS-275 (5 µM) or DMSO 
(1:1000) for 1 hour and then stimulated with HSV-1 (MOI of 1) for 4 hours. Samples were surface 
stained for pDC using anti-human BDCA-2 PE, fixed overnight, permeabilized, and then intracellularly 
stained with IRF-7 AF488 and DRAQ5 (nuclear stain), and acquired using the ImageStream flow 
cytometer. Single events were identified by plotting the Bright Field (BF) aspect ratio vs. area, then 
events in focus were gated in a gradient RMS histogram of the DRAQ5 nuclear stain, IRF-7high/BDCA-
2+ pDC were gated by plotting a dot plot of the BDAC-2 vs. IRF-7 intensities, finally the percent of IRF-
7 translocation was gated in a IRF-7/DRAQ5 similarity score histogram based on the DMSO only 
control (Mock). Representative analysis for the TSA-mediated effect on HSV-1-mediated IRF-7 nuclear 
translocation in pDC (A). Sample images of non-translocated and translocated events are shown. BF 
images (Ch05), BDCA-2 PE (Ch04), IRF-7 AF488 (Ch03), DRAQ5 nuclear stain (Ch06), IRF-7/DRAQ5 
merged images (Ch06/Ch03) (B). Experiments showing the HSV-1 (C) or IAV (D)-induced IRF-7 
nuclear translocation in the presence of TSA gates were drawn based on DMSO vehicle control. (N = 
4; 4 independent experiment with different donors for TSA; Data are expressed as %mean ± SEM; 
Data were analyzed with 1-way ANOVA with Bonferroni’s post test; * = p<0.05; ** = p<0.01; *** = 
p<0.001).
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FIGURE 7. SAHA and TSA decrease TLR9-induced NF-kB p65 nuclear translocation. 
Representative analysis for the TSA- and SAHA-mediated effect on HSV-1-mediated IRF-7 nuclear 
translocation and NF-kB p65 protein upregulation in pDC. Negatively enriched pDC were incubated 
with TSA (100 ng/ml = 300 nM) and SAHA (500 nM) or DMSO (1:1000) for 1 hour and then stimulated 
with HSV-1 (MOI of 1) for 4 hours. Samples were surface stained for pDC using anti-human BDCA-2 
PE and then intracellularly stained with IRF-7 AF488 and DRAQ5 (nuclear stain), and acquired using 
the ImageStream and analyzed with IDEAS software. Single events were identified by plotting the 
Bright Field (BF) aspect ratio vs. area, then events in focus were gated in a gradient RMS histogram of 
the DRAQ5 nuclear stain, NF-kB p65+/BDCA-2+ pDC were gated by plotting a dot plot of the BDAC-2 
vs. NF-kB p65 intensities, finally the percent of NF-kB p65 translocation was gated in a NF-kB 
p65/DRAQ5 similarity score histogram (A, top). Concurrently, NF-kB p65 overall intensity was 
measured from the NF-kB p65+/BDCA-2+ pDC population and the MFI was reported as log(MFI) (A, 
bottom). Pooled experiments showing the effect of TSA and SAHA in NF-κB p65 nuclear translocation 
(B) and protein expression (C). (N = 3; 3 independent experiments with different donors; Data are 
expressed as %mean ± SEM; Data were analyzed with 1-way ANOVA with Bonferroni’s post test; * = 
p<0.05; ** = p<0.01; *** = p<0.001).
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FIGURE 8. TSA, SAHA, and MS-275 decrease TLR9-induced activation of IRF-7 and NF-қB 

p65 transcription factors. PBMC were incubated with TSA (100 ng/ml) or DMSO (1:1000) for 1 

hour, stimulated with HSV-1 (MOI of 1) or IAV (MOI of 2) for 3 hours. Samples were processed 

using BD Phosflow protocol. PBMC were gated based on SSC vs. FSC-A (Area) and pDC were 

identified by gating on +HLA-DRhigh/+CD123high events on a HLA-DR APC vs. CD123 PE 

intensity dot plot, then percent phosphorylated IRF-7+ pDC  were gated based on mock sample 

for HSV-1 or IAV from which percentages were reported. Representative analysis for TSA, SAHA, 

and MS-275- mediated effect on  IAV-mediated IRF-7 and NF-kB p65 phosphorylation in pDC. 

Red lines represent the position where the gate was placed from which percentages were derived. 

(A). Pooled data with HSV-1 stimulation (top panels) and IAV (bottom panels) showing the effect 

of TSA (100 ng/ml) (B), MS-275 (5 µM) (C), and SAHA (500 nM) (D), or DMSO (1:1000) on the 

phosphorylation of IRF-7 and NF-kB p65. Data represent the percentage of pIRF-7+ and pNF-қB 

p65+ pDC with gating based on mock sample. (N = 4-5, 4-5 independent experiments with 

different donors; Data are expressed as mean ± SEM; Data were analyzed with 1-way ANOVA 

with Bonferroni’s post test; n.s. = not significant).
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