
Combined HDAC and BET inhibition enhances melanoma 
vaccine immunogenicity and efficacy

Alexander Badamchi-Zadeh*, Kelly D. Moynihan†, Rafael A. Larocca*, Malika Aid*, Nicholas 
M. Provine*, M. Justin Iampietro*, Ekaterina Kinnear‡, Pablo Penaloza-MacMaster§, Peter 
Abbink*, Eryn Blass*, John S. Tregoning‡, Darrell J. Irvine†,¶,∥, and Dan H. Barouch#,*,¶

* Center for Virology and Vaccine Research, Beth Israel Deaconess Medical Center, Harvard 
Medical School, Boston, MA 02215, USA.

† Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology (MIT), 
Cambridge, MA, USA.

‡ Department of Medicine, Imperial College London, St. Mary’s Campus, London, UK.

§ Department of Microbiology-Immunology, Feinberg School of Medicine, Northwestern 
University, Chicago, IL 60611, USA.

¶ Ragon Institute of Massachusetts General Hospital, Massachusetts Institute of Technology and 
Harvard University, Cambridge, MA 02139, USA.

∥ Howard Hughes Medical Institute, Chevy Chase, MD 20815, USA.

Abstract

The combined inhibition of histone deacetylases (HDAC) and the proteins of the bromo and extra 

terminal (BET) family have recently shown therapeutic efficacy against melanoma, pancreatic 

ductal adenocarcinoma, testicular and lymphoma cancers in murine studies. However, in such 

studies the role of the immune system in therapeutically controlling these cancers has not been 

explored. We sought to investigate the effect of the HDAC inhibitor romidepsi n (RMD) and the 

BET inhibitor IBET151, both singly and in combination, on vaccine elicited immune responses. 

C57BL/6 mice were immunized with differing vaccine systems (adenoviral, protein) in prime-

boost regimens, under treatment with RMD, IBET151, or RMD+IBET151. The combined 

administration of RMD+IBET151 during vaccination resulted in a significant increase in the 

frequency and number of antigen-specific CD8 T cells. RMD+IBET151 treatment significantly 

increased the frequency of vaccine-elicited IFN-γ+ splenic CD8 T cells and conferred superior 

therapeutic and prophylactic protection against B16-OVA melanoma. RNA-Seq analyses revealed 

strong transcriptional similarity between RMD+IBET151 and untreated antigen-specific CD8 T 

cells, except in apoptosis and IL-6 signaling-related genes that were differentially expressed. 

Serum IL-6 was significantly increased in vivo following RMD+IBET151 treatment, with 

recombinant IL-6 administration replicating the effect of RMD+IBET151 treatment on vaccine-

elicited CD8 T cell responses. IL-6 sufficiency for protection was not assessed. Combined HDAC 

and BET inhibition resulted in greater vaccine-elicited CD8 T cell responses and enhanced 
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therapeutic and prophylactic protection against B16-OVA melanoma. Increased IL-6 production 

and the differential expression of pro- and anti-apoptotic genes following RMD+IBET151 

treatment are likely contributors to the enhanced cancer vaccine responses.

Introduction

The combined inhibition of two classes of epigenetic regulators, histone deacetylases 

(HDACs) and bromodomain and extra-terminal proteins (BET), has recently shown 

therapeutic efficacy against multiple cancer types including pancreatic ductal 

adenocarcinoma, testicular, lymphoma, and melanoma (1–4). Proposed mechanisms for the 

enhanced tumor killing by the combination of HDAC and BET inhibition includes the 

suppression of AKT and YAP signaling (3), the induction of apoptosis over cell-cycle arrest 

in Myc-induced cells (2), the transcriptional induction of p57 (1), and anti-angiogenesis (4). 

In addition to intrinsic tumor cell apoptosis, it is now established that CD8 T cells of the 

mammalian immune system can recognize and kill tumor cells (5). This has resulted in a 

paradigm shift in cancer therapy, whereby immunotherapies exploiting this T cell ability 

have resulted in better clinical outcomes than some conventional cancer therapies (6). CD8 T 

cell differentiation and functionality is tightly regulated under epigenetic controls (7–9), 

suggesting potential immunotherapeutic involvement in the HDAC and BET inhibitor cancer 

therapy.

In this study, we use the ability of vaccines to induce antigen-specific T cell responses to 

assess changes to T cell differentiation and function following HDAC and BET inhibition. 

We report that the combination of these two inhibitors significantly increase vaccine-elicited 

CD8 T cell number, and confer enhanced prophylactic and therapeutic protection against 

melanoma when used with vaccination. HDAC and BET inhibition increase elicited CD8 T 

cells through transcriptionally altering their apoptosis and IL-6/JAK/STAT related genes 

following cancer vaccination.

Materials and Methods

Mice, immunizations, and Listeria challenge.

Female 6–10 week old C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were kept 

in accordance with the Institutional Animal Care and Use Committee guidelines of Beth 

Israel Deaconess Medical Center. Mice received immunizations of E1/E3 deleted Ad 

serotype 26 (Ad26) and Ad serotype 5 (Ad5) expressing either SIVmac239 Gag (Gag), 

SIVmac239 Env (Env), ovalbumin (OVA), or the ovalbumin immunodominant epitope 

SIINFEKL, as described previously (10, 11). Vectors were administered at 109 or 107 viral 

particles (vp) intramuscularly in the quadricep in 50 μl volume. Ovalbumin (Low Endo, 

Worthington Biochemical Corporation) and CpG (ODN 1826, Invivogen) or CDN (c-di-

AMP VacciGrade, Invivogen) were administered at 10 μg and 10 μg respectively in 100 μl 

subcutaneously at the tail base. Mice were challenged with either 1 × 105 or 5 × 105 CFU of 

recombinant Listeria monocytogenes expressing the OVA epitope SIINFEKL (Lm-OVA) by 

i.v. injection. L. monocytogenes bacterial load was calculated by plated splenocytes on BHI-

Agar plates, as described previously (12).
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Epigenetic inhibitors.

Romidepsin (RMD; Selleckchem) was suspended in sterile PBS plus 0.5% DMSO and 

injected i.p. at 1 mg/kg dose (13, 14) with a single dose at time of vaccination. IBET151 

(GSK1210151A; Selleckchem) was suspended in sterile PBS plus 30% DMSO and injected 

i.p. at 30 mg/kg (15), with a single dose at time of vaccination. Combined administration of 

RMD and IBET151 was performed i.p. at the same dosages above, in a final volume of 250 

μl, at a single dose at time of vaccination. Vehicle control mice received 250 μl of sterile 

PBS plus 30% DMSO i.p.

mAb and cytokine administration.

The monoclonal anti-CD8a (clone 53–6.72; BioXCell) was administered i.p. at 500 μg every 

7 days from d-1 prior to tumor injection to maintain CD8 T cell depletion. Anti-PD-ligand 1 

(PD-L1; clone 10F.9G2; BioXCell), or isotype IgG2b (clone LTF-2; BioXCell) were 

administered by 200 μg i.p. injections, as described previously (16, 17) at d-1, d0, d1 and d3 

with respect to vaccine boost. Mouse rIL-6 (R&D Systems) suspended in PBS was given at 

60 ng i.p. daily from d0 to d3 at boost (18).

Luminex assay.

Serum samples were collected 6 h post vaccination and assayed using a Luminex bead-based 

multiplex ELISA (MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel, 

Millipore), according to manufacturer’s instructions. Sample data was acquired on a Magpix 

instrument running Xponent software (Luminex Corp.) and analyzed using a 5-parameter 

logistic model.

Tumor cell culturing and inoculation.

B16-OVA cells were kindly provided by D. Irvine (MIT) and cultured in complete 

Dulbecco’s modified Eagle’s medium (DMEM, GE Healthcare Life Sciences), 

supplemented with 10% FBS and 200 μg/ml G418 (Invivogen). Cells were maintained at 

37°C, 5% CO2. An inoculum of 5×105 B16-OVA tumor cells was injected s.c. on the flank 

of mice in 50 μl sterile PBS. Tumor size was measured as area (longest dimension x 

perpendicular dimension), and mice euthanized when tumor area exceeded 100 mm2.

Flow cytometry, intracellular cytokine staining, and cell sorting.

Lymphocytes were isolated from either the blood or spleen, stained, and analyzed by flow 

cytometry as previously described (19). Antibodies to CD8α (53–6.7), CD4 (RM4–5), 

CD44 (IM7), CD127 (A7R34), KLRG1 (2F1), PD-1 (RMPI-30), IFN-γ (XMG1.2), and 

Foxp3 (FJK-16S) were purchased from BD Biosciences, eBioscience, or BioLegend. Cell 

viability was assessed by LIVE/DEAD Fixable Aqua (Life Technologies). Antigen-specific 

cells were identified by MHC class I tetramer staining using either the AL11 peptide of Gag 

(AAVKNWMTQTL, H-2Db) (20) or the immunodominant OVA257–264 (SIINFEKL, H-2Kb) 

epitope from ovalbumin protein (21), with monomers provided by the NIH Tetramer Core 

Facility (Emory University, Atlanta, GA). For intraceullar cytokine staining, splenocytes 

were incubated for 5 h at 37°C with 1 μg/ml SIVmac239Gag peptide pool. During peptide 

incubation, brefeldin A and monensin (BioLegend) were added. Cells were subsequently 

Badamchi-Zadeh et al. Page 3

J Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



washed, stained, and permeabilized with Cytofix/Cytoperm (BD Biosciences). Cells were 

acquired on an LSR II flow cytometer (BD Biosciences), or sorted on a FACSAria III 

Special Order (BD Biosciences) with >98% purity. Data were analyzed using FlowJo v.9.8.5 

(Treestar).

RNA-Seq data acquisition and analysis.

Splenic CD8+ T cells were enriched by negative selection (CD8+ T cell isolation kit, 

Stemcell Technologies) prior to Db/SIINFEKL+CD44+CD8+ T cell sorting to >98% purity 

(data not shown). Sorted cells were stored at −80C in 1 ml of TRIzol. RNA extraction was 

performed using the RNeasy 96 QIAcube HT Kit (QIAGEN) per manufacturer’s 

instructions. RNA concentration and quality was confirmed by Agilent’s 2100 bioanalyzer 

(Agilent Technologies). A Low Input Total RNA library (Clontech SMARTer) was 

constructed, and sequenced on Illumina NS500 Pair-End 75bp at The Molecular Biology 

Core Facility at Dana-Farber Cancer Institute. Raw sequences in fastq format were aligned 

to the mouse reference genome (version mm10) using STAR (22) with default settings that 

include soft clipping using the following options: sjdbOverhang: 74; SortedByCoordinate: –

quantMode; and TranscriptomeSAM: GeneCounts. Illumina adapters were cut using 

Trimmomatic (23). Only unique and concordant alignments were used for downstream 

analysis. Quantification and normalization of the mapped reads at the level of gene model 

were performed with edgeR (24). A p value cut-off of 0.05 was used to detect significant 

differential gene expression. Pathway analyses were performed using gene set enrichment 

analyses (GSEA) (25) with C2 gene sets. The enrichment of chromatin remodeling and 

IL-6/JAK/STAT3 pathways was assessed using the Fisher exact test and odds ratios 

calculated using the background population of all annotated mouse genes. All p values were 

adjusted for multiple testing using a cut-off of 0.05.

Quantitative immunoglobulin ELISA.

A quantitative immunoglobulin ELISA protocol described previously (26) was followed. 

Briefly, 0.5 μg/ml of either SIVmac239 Env or OVA protein coated ELISA plates were 

blocked with PBS/1% BSA/0.05% Tween-20. After washing, diluted serum samples were 

incubated with the plates for 1 h prior to further washing, and the addition of 1:4000 dilution 

of either anti-mouse IgG-, IgG1-, or IgG2a-HRP (Southern Biotech). The standard wells of 

anti-mouse Kappa (1:3200) and Lambda (1:3200) light chain (Serotec) coating were blocked 

and washed prior to adding purified IgG, IgG1 or IgG2a (Southern Biotech) starting at 1000 

ng/ml. Samples and standards were developed with TMB and the reaction stopped after 5 

min with Stop solution (KPL Inc.). Absorbance was read on a spectrophotometer at 

OD450–500 nm with SoftMax Pro GxP v5 software.

Influenza Challenge.

6–8 week old female BALB/c mice were obtained from Harlan UK Ltd (Littlemore, Oxford, 

UK) and kept in specific-pathogen-free conditions in accordance with the United Kingdom’s 

Home Office guidelines. All work was approved by the Animal Welfare and Ethical Review 

Board (AWERB) at Imperial College London. Mice were immunized intramuscularly with 

0.005μg purified surface antigen from influenza strain H1N1 A/California/7/2009 (GSK 

Vaccines, Siena, Italy) twice with a minimum of 3 week interval between immunizations. 
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Mice received RMD+IBET151 intraperitoneally during boosting vaccination. For infections, 

H1N1 Influenza strain A/California/7/2009 was grown in Madin-Darby Canine Kidney 

(MDCK) cells, in serum free DMEM supplemented with 1μg/ml trypsin. Mice were 

anaesthetized using isoflurane and infected intranasally with 3×104 pfu influenza and weight 

loss was monitored daily.

Immune cells were assessed as described in Materials and Methods, but with the following 

antibodies: Influenza A H-2Kd HA533–541 pentamer R-PE (Proimmune, Oxford, UK), 

CD3-FITC (BD, Myrtle, UK), CD4- PE/Cy7 (BioLegend, CA, USA), CD8-APC-H7 (BD, 

Myrtle, UK). Analysis was performed on an LSRFortessa flow cytometer (BD) after 

collecting data on at least 50,000 Live CD3+ events.

Serum antibodies specific to Influenza HA1 were measured as described in above, with the 

exception that plates were coated with 1 μg/ml H1N1 surface protein, and absorbance was 

read at 450 nm on a FLUOstar spectrophotometer (BMG LABTECH GmbH, Ortenberg, 

Germany) and absorbance values for the standard titration were fitted with a four parameter 

logistic curve and unknown values were interpolated using BMG Omega software.

Statistical analysis.

Statistical analyses were performed using Prism 6.0 (GraphPad Software). Normality of the 

data was assessed using the Kolmogorov-Smirnov normality test, with non-parametric data 

analyzed by the Kruskal-Wallis test with Dunn’s multiple comparison post-test (more than 

two groups) or the two-tailed Mann-Whitney U test (for two groups). For parametric data, a 

one-way ANOVA with Bonferroni’s multiple comparison post-test (more than two groups) 

or an unpaired t-test (for two groups) was used. P < 0.05 was considered significant (*p < 

0.05, **p < 0.01, ***p < 0.001).

Results

RMD+IBET151 treatment improves therapeutic adenoviral vaccination and reduces B16 
melanoma burden.

To investigate the role of HDAC (RMD) and BET inhibition (IBET151) on cellular immune 

responses, the inhibitors were administered singly and in combination during Ad vector 

immunization. Mice were immunized with vectors expressing the HIV Gag gene in an Ad26 

prime Ad5 boost regimen, which has been shown to generate robust, measurable, antigen-

specific CD8 T cell responses (27). Mice were administered RMD, IBET151, RMD

+IBET151 mixture, or PBS/DMSO vehicle control, by the i.p. route just prior to i.m. boost 

vaccination with Ad5.Gag. The combined administration of RMD+IBET151 resulted in a 

significant (*p < 0.05) doubling of the frequency and number of Gag (epitope AL11) 

specific CD8 T cells circulating in the blood at day 7 after boost, compared to the inhibitors 

administered individually or the PBS/DMSO control (Fig. 1A). In addition, there was a 

significant increase in the frequency of CD8 T cells that produced IFN-γ upon ex-vivo 

restimulation in mice that were treated with the RMD+IBET151 combination compared to 

RMD or IBET151 alone (**p < 0.01; Fig. 1B). RMD+IBET151 treatment did not 

significantly change the total number of circulating CD8 T cells (Fig. S1A), or the 
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percentage of regulatory Foxp3+ CD4 T cells (Fig. S1B). RMD+IBET151 treatment during 

priming and boosting vaccination provided the same antigen-specific CD8 T cell increase as 

RMD+IBET151 treatment at boosting alone (Fig. S1C). Therefore subsequent vaccinations 

only received RMD+IBET151 treatment at boost.

To evaluate the therapeutic efficacy of RMD+IBET151 treatment during vaccination against 

melanoma tumor progression, mice were primed with Ad26.OVA (107 vp), followed by the 

subcutaneous injection of 500,000 B16-OVA cells 28 days later. Eleven days after melanoma 

injection, mice were therapeutically treated with Ad5.SIINFEKL or Ad5.empty (109 vp), 

with or without RMD+IBET151 (Fig. 1C). RMD+IBET151 administration resulted in a 

significant increase in OVA specific SIINFEKL+ CD8 T cells at day 7 after Ad5.SIINFEKL 

treatment measured by tetramer staining (*p < 0.05; Fig. S1D). The combined treatment of 

Ad5.SIINFEKL with RMD+IBET151 resulted in a significant regression in B16 melanoma 

tumor burden compared to Ad5.SIINFEKL treatment alone (**p < 0.01; Fig. 1D) at day 4 

after treatment. Although tumor load remained lower following Ad5.SIINFEKL + RMD

+IBET151 therapy, this statistical significance was lost by day 7, and all treated mice 

succumbed to tumor growth and death (Fig. S1H). With a greater Ad26.OVA priming dose 

(109 vp), all mice exhibited protection against B16-OVA melanoma following treatment with 

Ad5.SIINFEKL (109 vp), with or without RMD+IBET151 (Fig. S1E-G).

Increased protein vaccine-elicited cellular immune response following RMD+IBET151 
treatment provides CD8 T cell-mediated melanoma protection.

To determine whether the doubling in frequency and number of antigen-specific CD8 T cells 

following the combined administration of RMD+IBET151 was applicable to a range of 

vaccination platforms and regimens, we tested its effect on a protein-adjuvant based 

immunization regimen. Following the subcutaneous immunization of mice with OVA protein 

adjuvanted with CpG in an accelerated prime-boost-boost regimen, mice that received RMD

+IBET151 at boost exhibited a significantly greater (> two-fold; **p < 0.01 after 1st boost; 
***p < 0.001 after 2nd boost) frequency of circulating SIINFEKL+CD8 T cells in the blood 

(Fig. 2A). This effect was also observed with OVA protein adjuvanted with the STING 

agonist CDN (Fig. S2A). To evaluate the efficacy of RMD+IBET151 treatment upon 

vaccination against melanoma tumor establishment, mice were primed subcutaneously with 

OVA+CpG, boosted days 14 and 28 with OVA+CpG ± RMD+IBET151, followed by the 

subcutaneous injection of 500,000 B16-OVA cells at day 48 (Fig. 2B; SIINFEKL+CD8 T 

cell frequency, Fig. S2B). The treatment of mice with RMD+IBET151 or PBS/DMSO alone, 

without vaccination, had no effect on tumor establishment, with all mice bearing tumors by 

day 8 and all mice sacrificed by day 24 (after tumor injection) due to tumor area exceeding 

100 mm2 (Fig. 2C). Only 50% of OVA+CpG vaccinated mice established melanoma and 

were subsequently sacrificed, with the tumors appearing between days 15 and 38 after their 

injection (Fig. 2C). Strikingly, vaccination with OVA+CpG in combination with RMD

+IBET151 treatment resulted in complete prevention of melanoma establishment for the 

length of the study (90 days). 0 out of 8 of the OVA+CpG + RMD+IBET151 treated mice 

presented any measurable tumor load, resulting in a significant survival benefit over OVA

+CpG vaccination alone (*, p = 0.025; Fig. 2C).

Badamchi-Zadeh et al. Page 6

J Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We examined the involvement of CD8 T cells in the antitumor effects observed following 

the OVA+CpG + RMD+IBET151 combination therapy. After the vaccination regimen, and 

one day prior to injection of 500,000 B16-OVA tumor cells, CD8 T cells were depleted in 
vivo using a specific mAb against murine CD8a. This CD8 T cell depletion was maintained 

weekly. All CD8 T cell depleted mice developed tumors and all were sacrificed by day 40 

due to excessive tumor size (*** p = 0.0001), revealing a major role for CD8 T cells in the 

tumor protection conferred following OVA+CpG + RMD+IBET151 combination therapy 

(Fig. 2D).

Increased vaccine-elicited CD8 T cell responses following RMD+IBET151 treatment confer 
superior Listeria monocytogenes protection.

Having observed an effect of RMD+IBET151 treatment on anti-tumor immunity, we wanted 

to determine the effect on anti-pathogen immunity. As such, we assessed the protective role 

of RMD+IBET151 treatment on vaccination against Listeria monocytogenes, a bacterial 

model for CD8 T cell meditated protection. Mice were vaccinated with Ad26.OVA – 

Ad5.SIINFEKL, with or without RMD+IBET151 treatment at boost (Fig. 3A), and 

challenged intravenously with 5 × 105 colony forming units (CFU) of recombinant Listeria 
monocytogenes expressing OVA. RMD+IBET151 treatment during boosting vaccination 

afforded a significant reduction in L. monocytogenes load in the spleen of challenged mice 

(***p < 0.001; Fig. 3B). In addition to boosting the response to adenoviral vaccination, mice 

that received RMD+IBET151 during protein (OVA+CpG) vaccination exhibited a significant 

reduction in L. monocytogenes bacterial load in the spleen at day two following infection 

(*p < 0.05; Fig. 3C).

RMD+IBET151 treatment alters limited genes in adenoviral and protein vaccine elicited 
CD8 T cells.

Given the multifaceted involvement of epigenetic control, and thus the broad transcriptional 

impact that inhibition of HDAC and BET could result in, we sought to understand the 

transcriptional state of the vaccine elicited CD8 T cells following RMD+IBET151 treatment. 

To examine this, mice were vaccinated by either the Ad26-Ad5 prime-boost (Fig. 4A), or the 

OVA+CpG prime-boost-boost (Fig. 4C), regimen with either RMD+IBET151 or PBS/

DMSO treatment during boost. Seven days after final vaccine boost, SIINFEKL+ CD8 T 

cells from the spleen of vaccinated mice were sorted, and their transcriptome profiling 

performed by RNA-Seq. Multidimensional analysis of the full transcriptomic profile of 

RMD+IBET151 treated and untreated groups revealed a high level of similarity between the 

two (Fig. 4B+D), indicating RMD+IBET151 treatment is not affecting the global gene 

expression profile of CD8 T cell. Whilst the global pattern was similar there were 

differences observed in the expression of pro- and anti-apoptotic genes. The addition of 

RMD+IBET151 to either protein or adenoviral vaccination regimens led to a down-

regulation of the pro-apoptotic genes Tnfrsf21 (Adenovirus: FC= −7.422; Protein: FC= 

−0.865), Casp9 (Adenovirus: FC= −0.974; Protein: FC= −1.052) and Tnfrsf25 (Adenovirus: 

FC= −0.851; Protein: FC= −0.771), and the up-regulation of the anti-apoptotic genes Igf1r 
(Adenovirus: FC= 1.205; Protein: FC= 1.251) and Bcl2 (Adenovirus: FC= 0.519; Protein: 

FC= 0.724) relative to untreated controls (Fig. 4E).
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Likewise, there was differential expression of genes related to chromatin modification and 

the enrichment of HDAC related pathways (Fig 4F), consistent with the fact that RMD and 

IBET151 are HDAC and BET domain inhibitors respectively.

RMD+IBET151 treatment increases IL-6 production and enhances CD8 T cell proliferation.

Pathways enrichment analysis revealed the differential expression of genes in the IL6/JAK/

STAT3 pathway following RMD+IBET151 treatment (Fig. 5A), and this was consistent for 

both adenoviral and protein vaccination (Fig. 5B). In addition, Luminex analysis on serum 

samples from 6 h after Ad5.Gag vaccination revealed a significant increase in IL-6 

concentration in RMD+IBET151 treated mice over PBS/DMSO control treated mice (***p 
< 0.001) (Fig. 5C). Subsequent daily high-dose administration of rIL-6 was capable of 

augmenting CD8 T cell numbers to that of RMD+IBET151 treatment alone during Ad26-

Ad5 vaccination (Fig. 5D). Together these data indicate a role for IL-6 and its subsequent 

intracellular signaling cascade in enhancing CD8 T cell proliferation following treatment 

with RMD+IBET151.

RMD+IBET151 administration augments vaccine elicited antibody responses and confers 
superior protection against Influenza infection.

Having characterized the vaccine-elicited cellular immune responses following RMD

+IBET151 we sought to investigate any effect by the treatment upon vaccine elicited 

humoral immune responses. Mice were vaccinated i.m. with Ad5.SIV Env (109 vp) and 

Ad26.SIV Env (109 vp) in heterologous prime-boost regimen, with or without RMD

+IBET151 treatment at boost. 14 days after final boost, mice were bled, and serum IgG 

specific to the vaccine antigen SIV Env was quantified by quantitative ELISA. For both 

Ad26-Ad5 and Ad5-Ad26 regimens, the treatment with RMD+IBET151 significantly (*p < 

0.05) increased the specific serum IgG concentrations elicited (Fig. S3A). The dual 

combination of RMD+IBET151 elicited greater serum IgG concentrations than either RMD 

or IBET151 treatment alone (Fig. S3A). To assess whether this was applicable to protein and 

adjuvant vaccination as well, mice were vaccinated s.c. with OVA+CpG in a prime-boost-

boost regimen, with or without RMD+IBET151 treatments at boost. As with adenoviral 

vaccination, the treatment with RMD+IBET151 significantly (*p < 0.05) increased the OVA-

specific serum IgG concentrations elicited, from a mean of 404 ng/ml to 816 ng/ml (Fig. 

S3B). Further characterization of the elicited IgG response revealed a significant shift in the 

IgG isotype following RMD+IBET151 treatment. With both adenoviral (Fig. S3C) and 

protein in adjuvant (Fig. S3D) vaccination, RMD+IBET151 treatment preferentially 

increased the induction of IgG1, while not affecting the induction of IgG2a. Mice vaccinated 

with HA protein in combination with RMD+IBET151 conferred greater protection against 

H1N1 Influenza (strain A/California/7/2009) infection, as observed by a reduction in weight 

loss, compared to HA vaccination alone (Day 5, *** p <0.001; Day 6 and 7, **** p <0.0001) 

(Fig. S3E). This correlated with an increase in both the serum HA-specific IgG 

concentration (Fig. S3F) and HA-specific CD8 T cell frequency in mice that received RMD

+IBET151 (Fig. S3G).

Badamchi-Zadeh et al. Page 8

J Immunol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

In this study, we demonstrate that the combined inhibition of the epigenetic regulators 

HDAC and BET augment vaccine-elicited cellular and humoral immune responses. This 

effect translates across different vaccine platforms, and confers superior anti-tumor efficacy 

against melanoma both therapeutically and prophylactically. We show that CD8 T cells 

mediate this anti-tumor efficacy, and RMD+IBET151 treatment enhances protection against 

the bacteria Listeria monocytogenes, and against the virus Influenza H1N1.. RNA-Seq 

analysis of CD8 T cells reveal only limited transcriptional differences following RMD

+IBET151 treatment. These include apoptotic and IL-6/JAK/STAT3 related genes, 

concordant with IL-6 being preferentially expressed following RMD+IBET151 

administration. The exogenous administration of IL-6 following vaccination recapitulates 

the increase in antigen-specific CD8 T cell number to that of RMD+IBET151 treatment.

The control of cellular immune responses, including the differentiation of naïve T cells into 

memory or effector cells, is choreographed by the epigenetic regulation of transcription 

factors (28). It has been demonstrated that epigenetic modifications, in particular histone 

modifications and DNA methylation, controls the transcription of effector molecules (e.g. 

IFN-γ, IL-2, granzyme b and perforin) through restricting chromatin access to transcription 

factors and polymerase (29–31). We observed no adverse effects on the vaccine elicited CD8 

T cells following the inhibition of HDAC and BET during vaccination, with their cell-killing 

ability maintained and their transcriptional profiles near-identical. This may be due to the 

epigenetic inhibition being provided alongside multiple signals from vaccination, or due to 

the specific nature of the epigenetic inhibitor drugs RMD and IBET151. Previous research 

has revealed that HDAC and BET inhibitors induce similar genes, corroborating our 

observations of only few differentially expressed genes following RMD+IBET151 treatment 

(2).

We report that the combination of RMD+IBET151 during vaccination increases the 

production of IL-6, as measured in the serum by Luminex. Furthermore, we observe a 

greater gene expression signature for IL-6/JAK/STAT3 signaling in CD8 T cells following 

vaccination with RMD+IBET151. However, previous use of IBET151 has shown it to 

selectively block the production of IL-6 (32). Though not in vivo and not in combination 

with HDAC inhibition or vaccine stimulation, the previous study revealed that IBET151 

interacts with the binding of BRD4 to the IL-6 promoter. Therefore there is a known 

molecular interaction between IBET151 and the IL-6 promoter, as well as with the BRD 

controlled promoters of TNF and IL-1b (33), for which we also saw increased production 

following RMD+IBET151 treatment. Future work will be needed to tease out the role of 

IL-6 and other pathways after RMD+IBET151 treatment. This may include depletion or 

supplementation of IL-6 prior to melanoma, Listeria or Influenza challenges to fully assess 

the cytokine’s involvement in their protection.

IL-6 has been previously shown to have pleiotropic activity on the differentiation and 

function of T cells. IL-6 promotes the specific differentiation of naïve CD4 T cells, 

performing a key function in linking the innate and acquire immune response (34), and is 

indispensable for Th17 differentiation (35). Relevant to the findings of this study, Okada et 
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al. previously revealed that IL-6 induced the differentiation of CD8 T cells into cytotoxic T 

cells (36). It has been further revealed that IL-6 also promotes T-follicular helper-cell 

differentiation which regulates immunoglobulin synthesis and IgG4 production in particular 

(37), and can induce the differentiation of activated B cells into antibody-producing plasma 

cells.

Combined HDAC and BET inhibitor therapy has also shown superiority over monotherapy 

for testicular germ cell cancer (4) and melanoma (3). However these observations were in 

nude mice lacking an adaptive immune system. This indicates that alternate modes of action 

of combined HDAC and BET inhibition, independent of immunological mechanisms, are 

also at play. These may include anti-angiogenesis or the activation of pro-apoptotic 

pathways in the tumor cells themselves (3). We see indication of this with therapeutic RMD

+IBET151 treatment (without vaccination) slightly reducing melanoma growth compared to 

vehicle alone. However, in all cases, the combined administration of RMD+IBET151 with 

vaccination greatly improved melanoma protection over RMD+IBET151 treatment alone.

Following our observations that the HDAC and BET inhibitor need to be administered in 

combination, future experiments should build upon this. One could utilize the recently 

synthesized dual HDAC/BET small molecule inhibitor DUAL946 (38). The dual inhibition 

of BET and HDAC proteins has been confirmed in vitro and has shown cellular activity in 

cancer cells, suggesting that our observation maybe recapitulated with this single inhibitor in 

concert with vaccination.

The effect of epigenetic inhibition on vaccination warrants further investigation. We believe 

this study to be the first assessment of epigenetic inhibition on the immunogenicity of viral-

vectored and protein-based vaccines, with HDAC inhibition previously investigated with 

autologous tumor cell-based vaccines. Such HDAC inhibition was shown to enhance MHC 

class II, CD40 and B7–1/2 expression on B16 cell-based vaccines, and correspondingly 

promoted the immune killing of autologous B16 melanoma cells via CD8 T cell induction 

(39–41). Our data indicates that this epigenetic enhancement expands beyond cellular 

vaccines to both protein and viral-vectored based vaccines, allowing greater translational use 

of the strategy.

This is the first time that these epigenetic modulators have been shown to increase vaccine 

efficacy via augmentation of antigen-specific CD8 T cell responses. These data suggest a 

greater role for CD8 T cell responses for melanoma than previously appreciated, and opens 

up new avenues to increasing vaccine elicited immune responses for improving cancer 

vaccine efficacy.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RMD+IBET151 increases adenoviral-vector elicited T cell responses and confers superior 
protection against B16 melanoma.
(A-B) C57BL/6 mice were primed with Ad26 (109 vp) and boosted with Ad5 (109 vp) in 

combination with RMD, IBET151, RMD+IBET151 or PBS/DMSO. (A) Frequency and 

number of Gag-specific CD8 T cells in the blood. (B) Frequency of Gag-specific IFN-γ+ 

CD8 T cells in the spleen. (C) Experimental outline of B16-OVA challenge. (D) Tumor area 

measurements following B16-OVA tumor injection into primed mice and during therapeutic 

vaccination treatments. Each dot represents an individual mouse. n = 4–10 per group per 

experiment. Data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, 

Student T-test.
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Fig. 2. RMD+IBET151 increases protein elicited T cell responses in an accelerated prime-boost 
regimen, conferring superior CD8 T cell-mediated melanoma protection.
(A-D) C57BL/6 mice were vaccinated subcutaneously with OVA protein adjuvanted with 

CpG, in combination with RMD+IBET151 or PBS/DMSO vehicle control. (A) Frequency of 

OVA-specific CD8 T cells in the blood. (B) Experimental outline of B16-OVA challenge. 

Tumor area measurements and survival curves following B16-OVA tumor injection into 

vaccinated mice (C), and CD8 T cell depleted vaccinated mice (D). Each dot represents an 

individual mouse. n = 6–10 per group per experiment. Data are presented as means ± SEM. 

*p < 0.05, **p < 0.01, ***p < 0.001, Student T-test. Survival significance by log-rank 

(Mantel-Cox) test.
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Fig. 3. RMD+IBET151 with vaccination provides enhanced protection against Listeria 
monocytogenes.
C57BL/6 mice were either (A) primed with Ad26 (109 vp) and boosted with Ad5 (109 vp), 

or (B) vaccinated subcutaneously with OVA protein adjuvanted with CpG, in combination 

with RMD, IBET151, RMD+IBET151 or PBS/DMSO. (A-B) L. monocytogenes titers in the 

spleen two days after challenge. Each dot represents an individual mouse. n = 4–10 per 

group per experiment. Data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 

0.001, Student T-test.
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Fig. 4. Differential expression of apoptosis and chromatin related genes in CD8 T cells following 
RMD+IBET151 treatment.
(A+C) Experimental outline prior to antigen-specific CD8 T cell sorting and RNA-Seq. (B

+D) Correlation graph and volcano plot of differentially expressed genes between RMD

+IBET151 treated and PBS/DMSO treated SIINFEKL+ CD8 T cells. (E) Differentially 

expressed genes related to apoptosis. (F) Differentially enriched pathways following RMD

+IBET151 treatment on adenoviral and protein vaccination related to chromatin 

modification and binding. n = 5 per group, C57BL/6 mice.
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Fig. 5. Increased production of IL-6 and JAK/STAT3 signaling following RMD+IBET151 
treatment at vaccination.
(A) Odds-ratio plot of pathways altered by RMD+IBET151 treatment on adenoviral and 

protein vaccination regimens. (B) Differentially expressed genes within IL6/JAK/STAT3 

signaling following RMD+IBET151 treatment. (C) Heat map of cytokine/chemokine fold 

change (FC) of RMD+IBET151 treatment from PBS/DMSO treatment as measured by 

Luminex. Graph of individual mouse IL-6 serum concentrations (pg/ml) following either 

RMD+IBET151 treatment or PBS/DMSO treatment. Each dot represents an individual 

mouse. n = 14 per group. Data are presented as means ± SEM. ***p < 0.001, Student T-test. 
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(D) Frequency of Gag-specific CD8 T cells in the blood following Ad5.Gag (109 vp) boost 

in combination with RMD+IBET151, recombinant IL-6, or PBS/DMSO (n = 8–10 per 

group).
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