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Abstract

Histone deacetylases (HDAC) are therapeutic targets in multiple cancers. ACY241, an HDAC6 

selective inhibitor, has shown anti-multiple myeloma (MM) activity in combination with 

immunomodulatory drugs and proteasome inhibitors. Here we show ACY241 significantly 

reduces the frequency of CD138+ MM cells, CD4+CD25+FoxP3+ regulatory T cells, and HLA-

DRLow/-CD11b+CD33+ myeloid-derived suppressor cells; and decreases expression of PD1/PD-

L1 on CD8+ T cells and of immune checkpoints in bone marrow cells from myeloma patients. 

ACY241 increased B7 (CD80, CD86) and MHC (Class I, Class II) expression on tumor and 

dendritic cells. We further evaluated the effect of ACY241 on antigen-specific cytotoxic T 

lymphocytes (CTL) generated with heteroclitic XBP1unspliced184–192 (YISPWILAV) and 

XBP1spliced367–375 (YLFPQLISV) peptides. ACY241 induces co-stimulatory (CD28, 41BB, 

CD40L, OX40) and activation (CD38) molecule expression in a dose- and time-dependent manner, 

and anti-tumor activities, evidenced by increased perforin/CD107a expression, IFN-γ/IL-2/TNF-α 
production, and antigen-specific central memory CTL. These effects of ACY241 on antigen-

specific memory T cells were associated with activation of downstream AKT/mTOR/p65 

pathways and upregulation of transcription regulators including Bcl-6, Eomes, HIF-1 and T-bet. 

These studies therefore demonstrate mechanisms whereby ACY241 augments immune response, 

providing the rationale for its use, alone and in combination, to restore host anti-tumor immunity 

and improve patient outcome.

Jooeun Bae jooeun_bae@dfci.harvard.edu. 

Compliance with ethical standards

Conflict of interest N.C. Munshi is on advisory board of Celgene, Millennium and Novartis; K.C. Anderson is on advisory board of 
Gilead, Millennium and Bristol Myers Squibb; and P.G. Richardson is on advisory board of Celgene, Millennium and Johnson & 
Johnson. N. C. Munshi, K.C. Anderson and J. Bae have ownership interest and are advisory board members in OncoPep Inc. The 
remaining authors declare that they have no conflict of interest.

Electronic supplementary material The online version of this article (https://doi.org/10.1038/s41375–018-0062–8) contains 
supplementary material, which is available to authorized users.

HHS Public Access
Author manuscript
Leukemia. Author manuscript; available in PMC 2019 May 28.

Published in final edited form as:
Leukemia. 2018 September ; 32(9): 1932–1947. doi:10.1038/s41375-018-0062-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1038/s41375–018-0062–8


Introduction

Successful active immunotherapy requires specific transcriptional regulation of the 

generation and sustained efficacy of effector T cell subsets, which eliminate tumor cells 

expressing the targeted tumor-associated antigens [1–3]. Accumulating evidence indicates 

that tumor cells evade immune recognition by creating a suppressive tumor 

microenvironment, due to down-regulation of MHC and costimulatory molecules as well as 

up-regulation of immune suppressive and checkpoint molecules. Therefore, well-designed 

immunotherapeutic strategies are needed to define immune mechanisms mediating clinical 

responses on the one hand; and importantly, to define mechanisms accounting for resistance 

to immunotherapy on the other, in order to overcome tumor-induced immune escape 

mechanisms and thereby enhance efficacy of anti-tumor immune responses in cancer 

patients.

Among therapeutic options, epigenetic manipulation has emerged as an attractive novel 

treatment modality. Genetic instability in a developing tumor leads to accumulation of 

genomic alterations and modifications in the epigenetic code, which are dynamic and 

generally reversible. Epigenetic alterations seen in tumor cells regulate the heritable patterns 

of gene expression, leading to gene expression profiles promoting tumorigenesis and cancer 

progression [4–7]. The epigenetic pathways include histone modification, DNA methylation, 

nucleosome remodeling, and small non-coding regulatory RNAs. Among the pathways, 

post-translational modifications of histones are widespread and diverse, and histone 

acetylation has been correlated with transcriptional activation [8]. HDACs, a family of 18 

enzymes, play a critical role in the epigenetic regulation of gene expression by catalyzing 

the removal of functional acetyl groups from proteins and by deacetylation of histone lysine 

residues during chromatin remodeling. Aberrant HDAC activity and over-expression in 

several forms of cancer can suppress anti-cancer immunity, associated with altering the 

acetylation status of histone and non-histone proteins that regulate various cellular processes 

including survival, differentiation, and apoptosis in tumor cells [9, 10]. Conversely, HDAC 

inhibitors, which broadly and/or selectively target various isoforms of HDAC enzymes that 

catalyze the removal of functional acetyl groups from proteins, exhibit strong anti-

inflammatory and anti-tumor activities and have therefore emerged as new therapeutic 

agents [11–14]. In particular, combination epigenetic therapies with cancer immunotherapy 

represents a promising novel treatment paradigm for cancer.

We have previously demonstrated mechanisms whereby an HDAC selective inhibitor 

ACY241 mediates anti-multiple myeloma (MM) activity, both alone and in combination 

with immunomodulatory drugs and proteasome inhibitors [15–19]. Here we show that 

ACY241 significantly reduced the frequency of CD138+ MM cells, CD4+CD25+FoxP3+ T 

regulatory cells, and HLA-DRLow/- CD11b+CD33+ myeloid-derived suppressor cells 

(MDSC), as well as decreased expression of PD1/PD-L1 on immune suppressor and CD8+ T 

cells. ACY241 also increased B7 (CD80, CD86) and MHC (Class I, Class II) expression on 

both dendritic and tumor cells, and induced co-stimulatory (CD28, 41BB, CD40L, 0X40) 

and activation (CD38) molecule expression on XBP1 peptides-specific CTL (XBP1-CTL). 

Finally, ACY241 in a dose- and time-dependent fashion enhanced anti-tumor activity of 

antigen-specific CTL, evidenced by triggering increased perforin/CD107a, IFN-γ/IL-2/
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TNF-α production, and antigen-specific central memory CD8+ T cells. These studies 

therefore provide the rationale for clinical evaluation of ACY241, alone and in combination 

with cancer vaccine, to restore host antitumor immunity and improve patient outcome.

Materials and methods

Cell lines

Multiple myeloma (U266), breast cancer (MDA-MB231) and colon cancer (SW480) cell 

lines were obtained from the ATCC (Manassas, VA). The T2 cell line was provided by Dr. J. 

Molldrem (University of Texas M. D. Anderson Cancer Center, Houston, TX). The U266, 

MDA-MB231, SW480, and T2 cell lines were cultured in DMEM or RPMI (Gibco-Life 

Technologies) media supplemented with 10% fetal calf serum (BioWhittaker, Walkersville, 

MD), 2mM L-glutamine (Gibco-Life Technologies), 100IU/ml penicillin, and 100μ/ml 

streptomycin (Gibco).

Synthetic peptides

Immunogenic HLA-A2-specific heteroclitic XBP1 US184–192 (YISPWILAV) and 

heteroclitic XBP1 SP367–375 (YLFPQ-LISV) peptides were synthesized by standard fmoc 

(9-fluorenylmethyl-oxycarbonyl) chemistry, purified to >95% using reverse-phase 

chromatography, and validated by mass-spectrometry for molecular weight (Biosynthesis, 

Lewisville, TX) (Bae et al. 2015 (1), Bae et al. 2014, Bae et al. 2012, Bae et al. 2011). 

Lyophilized peptides were dissolved in DMSO (Sigma, St. Louis, MO), diluted in AIM-V 

medium (Gibco), and stored at –140 °C until needed.

Reagents

Fluorochrome conjugated anti-human mAbs specific to CD3, CD4, CD8, CD25, CD28, 

CD38, CD40L, CCR7, CD45R0, CD69, CD80, CD83, CD86, CD137 (41BB), CD138, 

FoxP3, HLA-A2, HLA-ABC, HLA-DP/DQ/DR, IFN-Γ, IL-2, TNF-α, PD1, PD-L1, 0X40, 

AKT (pS473), mTOR (pS2448), NF-κB p65 (pS529), Bcl-6, HIF-1 or T-bet were purchased 

from Becton Dickinson (San Diego, CA). Fluorochrome-conjugated anti-human Eomes 

mAb was purchased from eBioscience (San Diego, CA). Recombinant human IL-2, IL-4, 

IFN-α and TNF-α were purchased from R&D Systems, and human GM-CSF was obtained 

from Immunex (Seattle, WA). ACY241 was purchased from AdooQ Bioscience (Irvine, 

CA), and reconstituted in 1% DMSO and stored at – 30 °C until needed.

Evaluation of HDAC inhibitor effects on antigen expression on MM patients’ cells and 
various cancer cell lines

Multiple myeloma patients’ tumor cells, bone marrow mononuclear cells (BMMC) and 

peripheral blood mononuclear cells, monocyte-derived dendritic cells, and cancer cell lines 

including MM (U266), breast cancer (MDA-MB231), and colon cancer (SW480) cells were 

treated with ACY241 (0.5, 1, 2 μm) for 3h—6 days. The treated cells were then evaluated 

for phenotypic changes in the expression of various cell surface markers including CD138, 

HLA-A2, HLA-ABC, HLA-DP/DQ/DR, CD80, CD86, CD3, CD4, CD8, CD25, FoxP3, 

PD1, and PD-L1. After staining with each specific antibody for 30 min at room temperature, 
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the cells were washed, fixed in 2% paraformaldehyde, and analyzed using a LSRII 

Fortessa™ flow cytometer and DIVA™ v8.0 software (BD).

Generation of XBP1 peptides-specific CTL (XBP1-CTL)

Normal HLA-A2+ donors’ CD3+ T cells were obtained by negative selection from the non-

adherent cell fraction post-monocyte adherence using the EasySep® magnet and Robosep® 

(StemCell Technologies). The XBP1-CTL were generated ex vivo by repeated stimulation of 

CD3+ T lymphocytes with antigen-presenting cells (APC; mature dendritic cells, T2 cells) 

pulsed with a cocktail (50 μ/ml) of heteroclitic XBP1 US184–192 (YISPWILAV) and 

heteroclitic XBP1 SP367–375 (YLFPQLISV) peptides at a 1:20 APC/peptide-to-CD3+ T cell 

ratio. The T cells were re-stimulated weekly with XBP1 peptides pulsed-APC for up to 6 

cycles prior to use in the assays.

Evaluation of HDAC inhibitor effects on critical costimulatory and activation markers, 
memory T cell phenotype, CD8+ T cell proliferation, and anti-tumor activities of XBP1-CTL

XBP1-CTL treated with different doses of ACY241 were evaluated for their viability and 

expression of costimulatory (CD28), activation (CD38) and memory (CCR7, CD45RO) T 

cell subsets. For measuring proliferation, untreated control or ACY241 treated XBP1-CTL 

were labeled with CFSE (Molecular Probes) and stimulated with irradiated (20 Gy) T2 cells 

loaded with HLA-A2-specific XBP1 peptides or HLA-A2+ XBP1 expressing tumor cell 

lines. On day 4 or 6 of stimulation, the cells were harvested, stained with mAbs, and 

analyzed. To evaluate functional activities including anti-tumor and peptide-specific 

responses, XBP1-CTL were co-cultured with tumor cells or antigen-presenting cells pulsed 

with the specific peptides for 1 h, in the presence or absence of CD107a mAb, followed by 

an additional 5 h incubation in the presence of the protein transport inhibitors Brefeldin A 

and Monensin (BD). Following incubation, the cells were stained with mAbs specific to 

surface antigens including CD3, CD8, CD45RO and CCR7, fixed/permeabilized, stained 

intracellularly with mAbs specific to IFN-γ, IL-2, TNF-α, and/or perforin, and analyzed 

using a LSRFortessa™ flow cytometer with DIVA™ v8.0 software.

Evaluation of HDAC inhibitor effects on XBP1-CTL transcriptional regulators and signal 
integrator expression

XBP1-CTL treated with HDAC inhibitor were evaluated for any modifications in 

transcriptional regulators and signal integrator expression. In brief, the CTL were stimulated 

with HLA-A2+ myeloma cells for 5 h, collected, washed, and stained with mAbs against 

surface antigens, fixed, permeabilized, and then stained with mAbs specific to AKT 

(pS473), mTOR (pS2448) and NF-κB p65 (pS529) or Bcl-6, HIF-1, Eomes and T-bet. The 

cells were analyzed using a LSRFortessa™ flow cytometer and DIVA™ v8.0 software.

Statistical analysis

Results are presented as the mean ± SE. Groups were compared using an unpaired Student’s 

t-test. Differences were considered significant when *p < 0.05.
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Results

ACY241 treatment decreases the frequency and expression of immune checkpoints on 
CD138+ myeloma cells, regulatory T cells (Treg) and MDSC

The effect of ACY241 on BMMC from MM patients was first evaluated. ACY241 treatment 

(0.5 uM, 1.0 uM; 48 h) significantly reduced the frequency of myeloma cells (CD138+) (Fig. 

1a), Treg (CD3+CD4+ CD25+FOXP3+) (Fig. 1b), and MDSC (HLA-DRLow/- CD11b
+CD33+) (Fig. 1c) in BMMC (n = 3, p < 0.05) in a dose-dependent manner, without 

effecting the frequency of CD3+CD4+ (Supplemental Fig. 1) or CD3+CD8+ T cells 

(Supplemental Fig. 2). We next evaluated the effect of ACY241 on expression of immune 

checkpoints on various cell subsets. ACY241 treatment (1.0 uM; 48 h) significantly 

decreased PD-L1 expression on CD138+ tumor (Fig. 2a) and Treg (Fig. 2b) in myeloma 

patients’ BMMC (n = 3, p < 0.05) as compared to untreated control, without changing the 

PD1 expression level on Treg (data not shown). Additionally, ACY241 treatment decreased 

PD1 expression on CD3+ T cells, which was seen to a greater extent on CD8+ T cells subset 

(n = 3, p < 0.05) (Fig. 2c) rather than CD4+ T cells (Supplemental Fig. 3). These effects by 

ACY241 on the frequency and checkpoint expression on the tumor and immune suppressor 

cells suggest its role as an immune modulator.

ACY241 increases the expression of B7 and MHC on tumor and dendritic cells, and 
enhances the proliferation of CD4+ Th and CD8+ Tc cells

We next evaluated changes in key surface antigens on tumor and immune cells triggered by 

ACY241 treatment (0 μM, 0.5 μM, 1 μM, 2μM). The expression of B7 family proteins 

(CD80, CD86) (Fig. 3a), as well as MHC Class I (HLA-A2, HLA-ABC) and MHC Class II 

(HLA-DP/DQ/DR) (Fig. 3b), was significantly increased by ACY241 in a dose-dependent 

manner on MM (U266), breast cancer (MDA-MB231), and colon cancer (SW480) cells (n = 
3, p < 0.05). We observed a dose-dependent upregulation of B7 and MHC molecules on 

dendritic cells following ACY241 treatment (n = 3, p < 0.05) (Supplemental Fig. 4). In 

addition, ACY241 (1 μM)-treated dendritic cells induced a greater T cell proliferation 

(treated 72.2% vs. untreated 50.9%) in mixed lymphocytes reactions, including both CD4+ 

(treated 79.9% vs. untreated 52.2%) and CD8+ T cells (treated 76.3% vs. untreated 49.2%) 

(Fig. 3c). Thus, these results demonstrate that ACY241 treatment upre-gulates expression of 

key antigens on both tumor and dendritic cells and induction of T cell proliferation, 

suggesting a role of ACY241 in enhancing activities on antigen-presentation and effector 

cells.

ACY241 upregulates co-stimulatory and activation molecules on XBP1-CTL

The immune modulatory potential of ACY241 was further evaluated using XBP1-CTL. 

Overall, ACY241 (0.5–2 μM; 48 h) did not alter the viability or T cell subset frequency 

within the antigen-specific CTL (Supplemental Fig. 5); however, it did increase their 

expression levels of co-stimulatory (CD28) and activation (CD38) markers (Fig. 4a). Indeed, 

ACY241 induced a dose-dependent (0.5 μM, 1 μM, 2 μM) increase in the frequency of 

CD28+, CD38+, and CD28+CD38+ expressing CD8+ T cells within XBP1-CTL (n = 3, p < 

0.05) (Fig. 4a). Treatment also triggered a gradual time-dependent (0 h <6 h <18 h <24 h 

<48 h) increase in CD28 expression, assessed by median fluorescence intensity (Fig. 4b). 
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Moreover, increased CD28 expression was maintained up to 6 days post-treatment. Besides 

CD28, ACY241 increased expression of secondary costimulatory markers including CD40L 

(912 > 788 > 619), 41BB (1030 > 923 > 772) and 0X40 (1933 > 1523 >1381) in a dose-

dependent manner (1>0.5>0μM). The increased expression level for each of these markers 

(histograms; Fig. 4c) directly correlated with their increased frequency (Fig. 4c). These 

results therefore provide additional support for the activity of ACY241 in enhancing 

multiple co-stimulatory pathways and CD8+ T cell activation, thereby augmenting antigen-

specific CD8+ CTL activity.

ACY241 increases central memory CD8+ T cells within XBP1-CTL and augments their 
functional activities against tumor

Next, we evaluated the effects of selective HDAC inhibition on antigen-specific memory 

CTL and their antitumor activities. ACY241 increased the proportion of antigen-specific 

central memory (CM) CD8+ T cells in a dose-dependent manner (2.0 μM: 46.3% >1.0 μM: 38.2% > 

0.5 μM: 29.6% >0 μM: 21.8%). The change of memory CTL subset was associated with a 

corresponding decrease in the effector memory (EM) subset (2.0 μM: 53.2% >1.0 μM: 61.2% 

>0.5 μM: 69.6% >0 μM: 77.8%) (n = 3, p < 0.05) (Fig. 5a). In addition, we observed an 

increase in CD28+/CD8+ T cells and a decrease in PD1+/CD8+ T cells in both the CM and 

EM CTL subsets (Fig. 5b). The phenotypic changes and increased CM frequency induced by 

ACY241 were associated with increased antitumor activities, evidenced by upregulation of 

CD107a degranulation (28.0% treated vs. 18.2% untreated), IFN-γ production (24.4% 

treated vs. 16.5% untreated) and 41BB expression (27.1% treated vs. 17.9% untreated) upon 

recognition of HLA-A2+ U266 myeloma cells (n = 3, p < 0.05). These anti-tumor activities 

were further enhanced when both tumor and antigen-specific CTL were treated with 

ACY241 (Supplemental Fig. 6), and the anti-myeloma effects were mainly enhanced within 

the cell subsets of CM (Supplemental Fig. 7) and EM (Supplemental Figure 8). ACY241 

also upregulated antitumor activity of XBP1-CTL against solid tumors, evidenced by 

increased CD107a expression and IFN-γ/IL-2/ TNF-α production against HLA-A2+ breast 

cancer (MDA-MB231) and colon cancer (SW480) cells (n = 3, p < 0.05) (Fig. 5c). These 

results therefore provide further evidence for the potential of selective HDAC inhibition to 

increase anti-tumor activities of antigen-specific CTL by inducing expression of multiple co-

stimulatory molecules on CD8+ T cells and B7, as well as MHC molecules on tumor and 

antigen-presenting cells.

ACY241 increases the peptides-specific CD8+ T cell proliferation of XBP1-CtL

Next we showed that ACY241 treatment enhances antigen-specific activities, assessed by 

specific CD8+ T cells proliferation in response to the cognitive XBP1 US184–192 

(YISPWILAV) and XBP1 SP367–375 (YLFPQLISV) peptides, in a dose-dependent manner 

(untreated: 7%, 0.5 μM ACY241 treated: 45%, 1.0 μM ACY241 treated: 53%) (top panel; 

Fig. 6a). Further studies demonstrated HDAC inhibition-induced proliferative responses in 

XBP1-CTL, which highly express the CD28 co-stimulatory molecule (untreated: 6%, 0.5 μM 

ACY241 treated: 28%, 1.0 μM ACY241 treated: 34%) or CD38 late activation marker 

(untreated: 8%, 0.5 μM ACY241 treated: 33%, 1.0 μM ACY241 treated: 37%). In contrast, 

proliferation was not induced in XBP1-CTL expressing the early activation marker (CD69) 

(untreated: 0.3%, 0.5 μM ACY241 treated: 0.3%, 1.0 μM ACY241 treated: 0.2%) (Fig. 6a). 
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We also observed increased perforin production to the cognitive XBP1 peptides triggered by 

ACY241 treatment in a dose-dependent manner (Ratio of [E]: [S] = 1:1—untreated 8.3%, 1 

μM treated 10.8%, 2 μM treated 19.3%; Ratio of [E]: [S] = 5:1—untreated 11.7%, 1 μM 

treated 13.2%, 2 μM treated 20.5%) (Fig. 6b). As compared to CTL alone (0~1% cytokines 

production), CTL stimulated with the cognitive XBP1 peptides increased Th1-type cytokines 

production (IFN-γ: 2%, IL-2: 12%, TNF-: 17%), which was further enhanced by ACY241 

in a dose-dependent manner (Fig. 6c). Taken together, these data demonstrate that selective 

HDAC inhibition by ACY241 enhances the tumor-specific immune responses of XBP1-CTL 

via enhanced recognition of the specific peptides, thereby providing additional evidence for 

the ability of combination immunotherapy to increase the efficacy of peptide-based vaccines 

in patients.

ACY241 contributes to activation of the AKT (pS473)/mTOR (pS2448)/NF-KB p65 (pS529) 
pathways and increases Bcl-6+, HIF1+, Eomes+ and T-bet+ frequency within memory XBP1 
peptides-specific CTL

Finally, to further delineate the effect of ACY241 on antigen-specific memory CTL, we 

evaluated signaling pathways important in regulating cell cycle, T cell proliferation, cytokine 

production, and/or survival [20–22]. We defined the effect of ACY241 on mechanisms 

which modulate antigen-specific memory CD8+ T cells, and specifically determined whether 

drug treatment induced changes in NF-ΚB activation, since a failure to maintain NF-ΚB 

signaling is associated with defective maintenance of memory CD8+ T cells due to impaired 

expression of Eomes, a critical transcriptional regulator in memory T cells [23]. We found 

that ACY241 enhanced AKT, mTOR and p65 activation within CD45RO+ memory CD8+ T 

cells, but not within CD45RO- non-memory CD8+ T cells in the antigen-specific CTL (n = 

5, p < 0.05) (Fig. 7a). To further understand the mechanism of ACY241-induced HDAC 

inhibition on the antigen-specific CTL, we analyzed key transcriptional regulators Bcl-6, 

HIF-1, Eomes and T-bet, which control critical functions relating to effector and memory T 

cell differentiation [24–26]. As seen in the AKT, mTOR and p65 pathways, ACY241 

enhanced upregulation of the key transcriptional regulators in the antigen-specific CTL (Fig. 

7b), which was mainly detected within the memory CTL subset (n = 5, p < 0.05) (Fig. 7c). 

These results indicate that ACY241 has a role in regulation of critical pathways including 

AKT/mTOR/p65 and key transcriptional regulators Bcl-6/HIF-1/Eomes/T-bet, which 

contribute to induction and maintenance of antigen-specific memory CD8+ T cells with anti-

tumor activities.

Discussion

To date, four HDAC inhibitors, Vorinostat (SAHA; Pan-HDACi), Romidepsin (FK-228), 

Belinostat (PXD-101), and Panobinostat (LBH-589) have been granted FDA approval for 

treatment of various cancers. Additional HDAC inhibitors are currently in clinical trials, and 

multiple efforts are ongoing to develop novel HDAC inhibitors that can increase anti-tumor 

responses. However, to date the immune modulatory activity of HDAC inhibitors on tumor-

specific immunity has not been well demonstrated or characterized. Here, we report on the 

ability of a selective HDAC6 inhibitor ACY241 to reduce CD138+ tumor cells, 

CD4+CD25+FoxP3+ Treg, and HLA-DRLow/-CD11b+CD33+ MDSC; decrease expression of 
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PD1/PD-L1 on both immune suppressor and CD8+ T cells; increase B7 (CD80, CD86) and 

MHC (Class I, Class II) expression on tumor and dendritic cells; induce co-stimulatory 

(CD28, 41BB, CD40L, 0X40) and activation (CD38) molecules expression on CD8+ T 

lymphocytes; and enhance antigen-specific central memory CTL with anti-tumor activity. 

ACY241, alone and in combination, may therefore be useful to restore host anti-tumor 

immunity in patients.

We particularly examined whether ACY241 may enhance the efficacy of a cancer vaccine 

through direct modulation of anti-tumor activities of antigen-specific CD8+ CTL. 

Previously, we have demonstrated the immu-nogenicity of XBP1 US184–192 (YISPWILAV) 

and XBP1 SP367–375 (YLFPQLISV) peptides as a cancer vaccine capable of inducing 

antigen-specific CTL, and have shown that immunomodulatory drug lenalidomide can 

increase functional activities of antigen-specific CTL [27–30]. In this study, we examined 

the effect of the selective HDAC6 inhibitor ACY241 on regulating XBP1-CTL function, and 

demonstrated its ability to modulate the MM patients’ bone marrow microenvironment by 

targeting and decreasing both CD138+ MM cells and immune suppressors, as well as down-

regulating immune checkpoints on BMMs. Moreover, ACY241 induced phenotypic changes 

on the tumor and dendritic cells, as well as increased co-stimulatory markers on XBP1-CTL, 

thereby enhancing their anti-tumor activity against myeloma, breast cancer, and colon cancer 

cells expressing the XBP1 antigen. These observations both complement and contradict 

previous reports by other investigators. For example, the Class I HDAC inhibitor, 

Depsipeptide, induced a higher level of tumor antigen gp100 expression in murine 

melanoma cells, which was associated with increased tumor cell killing by gp100-specific 

CTL [31]. On the other hand, the pan-HDAC inhibitor Valproic acid downregulated the 

expression of tumor antigen MUC1 and upregulated another tumor-associated antigen, NY-

ESO-1, in mesothelioma cells in vitro [32]. Additionally, other investigators have 

demonstrated that HDAC inhibitors enhance the function of CD8+ T cells and induce hyper-

acetylation of the IFN-γ locus in memory CD8+ T cells, but not in CD4+ T cells, allowing 

for the rapid production of IFN-γ by CTL [33]. More recently, it was demonstrated that the 

function of exhausted CD8+ T cells in chronic viral infection is restored upon exposure to 

pan-HDAC inhibitors, but the effect of Class II HDAC inhibitors on CD4+ and CD8+ T cells 

has to date not yet been reported [34–36]. Coupled with the present study, these reports 

suggest that specific isoforms of HDAC inhibitors may regulate critical markers involved in 

antigen recognition machinery, co-stimulatory molecule expression, and tumor-associated 

antigen expression.

The major goal of a cancer vaccine is to effectively induce antigen-specific memory CD8+ T 

cells; thus understanding the basis of memory T cell differentiation is critical for rational 

vaccine design. Despite the complexity of multiple interrelated signaling pathways involved 

in memory T cell differentiation, several pathways critically influence T cell memory 

development. Recent studies have identified AKT as a critical signal integrator that links 

distinct facets of antigen-specific CTL differentiation to FOXO, mTOR and Wnt/β-catenin 

signaling pathways [37, 38]. For example, mTOR is a critical regulator of CD8+ T cells: 

mTOR complex 1 (mTORC1) promotes CD8+ T cell effector responses whereas mTORC2 

activity enhances CD8+ T cell memory [39, 40]. Thus, both AKT and mTOR have distinct 

roles as a rheostat in orchestrating the differentiation of CD8+ T cells and generation of 
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memory CTL [41, 42]. In addition, specific activation of AKT and mTOR is associated with 

CD28 costimulatory molecule, a critical regulator of T cell proliferation and antigen-specific 

effector T cell development [43, 44]. In this context, we in the present study hypothesized 

that modulation of AKT and mTOR pathways is critical to maintaining memory CTL and 

anti-tumor activities induced by XBP1 specific peptides. In previous studies, we have 

demonstrated that lenalidomide enhanced AKT expression on antigen-specific CTL, 

associated with CD28 upregulation and antigen-specific memory CTL expansion [45]. In 

current study, we demonstrate that ACY241 triggers activation of AKT via phosphorylation 

at Ser473, a phosphorylation site shared by all three AKT isoforms; and induces activation 

of mTOR via phosphorylation at Ser2448, the only phosphorylation site of mTOR [46–50]. 

Specifically, we demonstrated the ability of the selective HDAC6 inhibitor ACY241 to 

activate the AKT and mTOR pathways in XBP1-CTL, resulting in increased expansion and 

function of antigen-specific memory CD8+ CTL with anti-tumor activities. These findings 

were repeatedly observed in XBP1-CTL generated from different donors and targeting 

various tumors including not only multiple myeloma, but also breast cancer and colon 

cancer.

Having shown activation of AKT and mTOR and immunologic sequelae triggered by 

ACY241, we next delineated mechanisms mediating these effects. Both AKT and mTOR 

activation profoundly affect the expression and activity of many immunologically relevant 

transcription factors, which in turn promote immune signaling and mediate effector 

functions. These transcription factors orchestrate cell metabolism (HIF1), lineage 

differentiation (T-bet, Eomes, Bcl-6), and immune activation and functions (NF-ΚB) [51]. T-

bet and Eomes play major roles in generation of effector and memory CD8+ T cells during 

early stages of CD8+ T cell activation, as well as upregulation of IFN-γ and granzyme B in 

antigen-specific T cells [52–54]. Moreover, increased CD8+ T cell expression of T-bet and 

Eomes has been associated with longer patients’ survival [55–57]. Our previous reports also 

demonstrated that increased T-bet and Eomes expression in antigen-specific CTL were 

associated with greater anti-tumor activity against myeloma and solid tumors [45]. In 

addition, the Bcl-6 and Blimp-1 regulatory axis controls effector and memory T cell 

differentiation and function; importantly, increased Bcl-6 and Blimp-1 expression promotes 

development of tumor antigen-specific CD8+ T cells into memory cells [58–60]. We here in 

particular examined the effect of ACY241 on these T cell transcriptional regulators 

including Bcl-6, HIF-1, T-bet and Eomes, due to their critical roles in effector and memory 

CD8+ T cell differentiation. Our results demonstrate that ACY241 treatment affects and 

modulates these transcriptional regulators and AKT/mTOR signaling, within antigen-

specific memory CD8+ T cell population, thereby enhancing their anti-tumor activities. This 

ability of ACY241 to promote antigen-specific CD8+ memory CTL with anti-tumor activity 

suggests that it may promote sustained clinical responses.

In summary, the selective HDAC6 inhibitor ACY241 mediates anti-MM activity both by 

decreasing CD138+ tumor cells and tumor-promoting immune cells and their expression of 

immune checkpoints, as well as by promoting the activation of antigen-specific CD8+ T 

cells. Importantly, it increases activation of AKT/mTOR/p65 pathways and upregulates 

transcription regulators Bcl-6, Eomes, HIF-1 and T-bet, thereby promoting development of 

antigen-specific central memory CD8+ CTL and their anti-tumor activities. Our studies 
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therefore delineate immune modulatory effects of ACY241 and provide the rationale for its 

clinical evaluation to promote development and function of antigen-specific CD8+ memory 

T cells with anti-tumor activity, and thereby improve patient outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Decreased frequency of CD138+ tumor cells, regulatory T cells and myeloid-derived 

suppressor cells in myeloma patients’ bone marrow mononuclear cells with ACY241 

treatment. Myeloma patients’ bone marrow mononuclear cells were treated with the HDAC 

inhibitor, ACY241 (0, 0.5, 1 μM) for 48 h, and then evaluated for changes in their 

phenotypic profiles. ACY241 treatment decreased the frequency of CD138+ MM cells (Fig. 

1a), regulatory T cells (Fig. 1b), and myeloid-derived suppressor cells (Fig. 1c) in a dose-

dependent manner (p < 0.05)
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Fig. 2. 
Decreased expression of immune checkpoints in myeloma patients’ bone marrow 

mononuclear cells with ACY241 treatment. The expression levels of immune checkpoints 

were evaluated following treatment of myeloma patients’ bone marrow mononuclear cells 

with ACY241 (0, 0.5, 1 μM; 48 h). ACY241 treatment decreased PD-L1 expression on 

CD138+ MM cells (Fig. 2a) and regulatory T cells (Fig. 2b) as well as PD-1 expression on 

CD8+ Tc (Fig. 2c) in a dose-dependent manner (p < 0.05)
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Fig. 3. 
Upregulation of CD80, CD86, HLA-ABC and HLA-DP/DQ/DR on tumor and dendritic 

cells and induction of T cell proliferation with ACY241 treatment. ACY241 treatment 

increased expression of CD80/CD86 (Fig. 3a) and HLA-A2, HLA-ABC, and HLA-

DP/DQ/DR (Fig. 3b) on myeloma U266, breast cancer MDA-MB231, and/or colon cancer 

SW480 cells in a dose-dependent manner (p < 0.05). ACY241 (1 (μM)-treated dendritic 

cells induced a high level of proliferation of CD3+ T cells, including both CD4+ and CD8+ 

cells, in mixed lymphocytes reactions (Fig. 3c)
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Fig. 4. 
Increased expression of costimulatory and activation markers on XBP1-CTL with ACY241 

treatment. XBP1 antigen-specific CTL were generated from HLA-A2+ normal donors’ 

CD3+ T cells by repeated weekly stimulation with a cocktail of heteroclitic unspliced 

XBP1184-192 (YISPWILAV) and spliced XBP1 SP196–204 (YLFPQLISV) peptides. After the 

fourth cycle of peptides stimulation, CTL were treated with ACY241 for 48 h and evaluated 

for their cell viability and cell surface profile. The frequency of CD28+ or CD38+ single 

positive CTL, as well as CD28+CD38+ double positive CTL, was enhanced in a dose-

dependent manner (Fig. 4a). CD28 co-stimulatory molecule expression on the XBP1-CTL 

was also increased in a time-dependent manner (Fig. 4b) by ACY241 treatment. The 

expression levels (MFI) and frequency of cells expressing CD40L, 41BB and 0X40 were 

increased upon ACY241 treatment in a dose-dependent manner (Fig. 4c) (p < 0.05)
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Fig. 5. 
XBP1-CTL memory cell subset expansion and their increased anti-tumor activities with 

ACY241 treatment. ACY241 treatment (1 μM) of XBP1-CTL increased the central memory 

(CD45RO+CCR7+) and decreased the effector memory (CD45RO+CCR7-) cell subsets (Fig. 

5a), and it increased CD28 expression and decreased PD1 expression in all of 

Naive:Memory cell subsets (Fig. 5b). The ACY241 treatment increased anti-tumor activities 

of XBP1-CTL against myeloma cells (U266), breast cancer cells (MDA-MB231) and colon 

cancer cells (SW480) (Average + SE; N = 3) (p < 0.05) (Fig. 5c)
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Fig. 6. 
Increases peptides-specific responses of XBP1 antigen-specific CTL upon ACY241 

treatment. XBP1 US184–192 (YISPWILAV) and XBP1 SP367–375 (YLFPQLISV) peptides-

specific CTL activities were investigated following treatment with ACY241 (0 μM, 0.5 μM, 

1 μM) and by examining CD8+ T cells proliferation, perforin upregulation, and Th-1 type 

cytokines production. ACY241 treatment induced dose-dependent T cell proliferation of 

CD8+ T cells, primarily those expressing CD28 or CD38 (Fig. 6a). ACY241 also increased 
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perforin upregulation (Fig. 6b) and IFN-γ/IL-2/TNF-α production (Fig. 6c) in response to 

XBP1 specific peptides (p <0.05) in a dose-dependent manner
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Fig. 7. 
Increased AKT/mTOR/NF-κB p65 activation and Bcl-6, HIF1, Eomes and T-bet expression 

in memory CD8+ T cells of XBP1 antigen-specific CTL triggered by ACY241 treatment. 

XBP1-CTL were evaluated for the effects of ACY241 treatment on the AKT (pS473)/mTOR 

(pS2448)/NF-κB p65 pathways and the Bcl-6, HIF1, Eomes and T-bet expression. ACY241 

treatment enhanced the activation levels of AKT, mTOR and p65, mainly within the memory 

cell subsets in the XBP1-CTL (Fig. 7a). In addition, ACY241 treatment enhanced the 

expression of key transcriptional regulators Bcl-6, HIF1, Eomes and T-bet in XBP1-CTL 

(Fig. 7b), which was detected mainly within memory T cell subset (p <0.05) (Fig. 7c)
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