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ABSTRACT
While HDAC inhibitors have shown promise in hematologic cancers, their efficacy remains limited in 
solid cancers. In the present study, we evaluated the immunomodulatory properties of the HDAC6 
inhibitor, Citarinostat (ACY241) on lung tumor immune compartment and its therapeutic potential in 
combination with Oxaliplatin. As a single agent, ACY241 treatment promoted increased infiltration, 
activation, proliferation, and effector function of T cells in the tumors of lung adenocarcinoma- 
bearing mice. Furthermore, tumor-associated macrophages exhibited downregulated expression of 
inhibitory ligands in favor of increased MHC and co-stimulatory molecules in addition to higher 
expression of CCL4 that favored increased T cell numbers in the tumors. RNA-sequencing of tumor- 
associated T cells and macrophages after ACY241 treatment revealed significant genomic changes 
that is consistent with improved T cell viability, reduced inhibitory molecular signature, and 
enhancement of macrophage capacity for improved T cell priming. Finally, coupling these ACY241- 
mediated effects with the chemotherapy drug Oxaliplatin led to significantly enhanced tumor- 
associated T cell effector functionality in lung cancer-bearing mice and in patient-derived tumors. 
Collectively, our studies highlight the molecular underpinnings of the expansive immunomodulatory 
activity of ACY241 and supports its suitability as a partner agent in combination with rationally 
selected chemotherapy agents for therapeutic intervention in NSCLC.
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Introduction

Non-small cell lung cancer (NSCLC) which accounts for over 
80% of all lung cancers is a leading cause of cancer-related 
deaths worldwide. While immunotherapy leads to durable 
therapeutic responses in a subset of NSCLC patients,1 there is 
still an unmet clinical need for drugs that could benefit a wider 
pool of patients. Histone deacetylase (HDAC) inhibitors are 
increasingly being evaluated in oncologic applications as pro-
mising therapeutic agents for cancer therapy in part due to 
their cytotoxic and cytostatic effects on tumor cells.2,3 The pan- 
HDAC inhibitors Panobinostat and Vorinostat are FDA- 
approved agents for multiple myeloma and cutaneous T-cell 
lymphoma, respectively.4–6 In recent years, research into the 
utility of these and other pan-HDAC inhibitors in solid tumors 
has increased considerably.2,3,7,8 However, due to potential 
toxicity concerns, more selective HDAC inhibitors are being 
increasingly considered as alternatives to pan-HDAC inhibi-
tors based on expanding knowledge of the roles of various 
HDAC proteins in cancer biology. Among the selective 
HDAC inhibitors currently being explored are those targeting 
members of the class I1–3,8 and II4–7,9,10 HDACs which regulate 
various aspects of cancer biology including, proliferation, sur-
vival, metabolism, metastasis, autophagy, and apoptosis.8,9

Despite their direct tumor cell toxicity, the effects of pan 
and isozyme selective HDAC inhibitors on immune cells 
are an important issue of consideration given the crucial 
contribution of immune cells to shaping the course of 
tumor progression. A number of HDAC inhibitors have 
been described to possess properties that have direct rele-
vance to immune response in cancer. For example, 
Panobinostat promoted upregulation of PD-1 ligands 
while Trichostatin A and Panobinostat enhanced the 
expression of MHC class I and tumor-related antigens in 
melanoma to promote PD-1 therapy response and enhance 
tumor cell immunogenicity.10–13 HDAC inhibitors can also 
directly or indirectly regulate immune cells.14–16 In align-
ment with this notion, Romidepsin enhanced expression of 
T cell recruiting chemokines by tumor cells facilitating 
T cell infiltration into lung tumors in a mouse model of 
lung cancer.16 Understanding the nature and scope of 
immunomodulatory capabilities of HDAC inhibitors is no 
doubt paramount to their utility as suitable partner agents 
in novel combinatorial drug regimens. In this regard, the 
present study evaluated the effects of ACY241, an orally 
available HDAC6 inhibitor, which while structurally similar 
to Ricolinostat, is more potent with respect to its selectivity 
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for HDAC6 (IC50 of 2.6 nM versus 5 nM) in addition to 
having improved solubility properties.17,18 We investigated 
the spectrum of ACY241ʹs effect on tumor-infiltrating 
T cells and macrophages in a pre-clinical mouse model of 
NSCLC with emphasis on molecular underpinnings of drug 
effect and its potential utility as a partner agent in 
a rationally selected combinatorial drug regimen for 
NSCLC therapy.

Material and methods

Mice, cell lines and tissues

All breeding and treatment experiments were performed with 
the approval of Moffitt Cancer Center Animal Care and Use 
Committee. Mice were maintained under specific-pathogen- 
free conditions in an AAALAC-accredited facility and in 
accordance with institutional guidelines for animal welfare. 
Genetically engineered mice Kras+/LSL-G12D; Trp53L/L (KP) 
have been previously described.19 For lung tumor induction, 
mice received 1 × 106 CFU of Cre-encoding adenovirus 
(Adeno-Cre) intranasally at 5–6 weeks of age. Tumor forma-
tion was evaluated by Magnetic Resonance Imaging (MRI) 
with BioSpec USR70/30 horizontal bore system (Bruker). 
Tumor burden was quantified from the MRI images with 3D 
Slicer software. Six weeks old C57BL/6 J (B6) mice were pur-
chased from The Jackson laboratories. OT-I and OT-II mice 
were a kind gift from Drs. Filippo Veglia and Shari Pilon- 
Thomas, respectively, at Moffitt Cancer Center. B6 OVA 
10103 F LT1 OVA-PGK, a KP lung cancer cell line that 
expresses CD4- and CD8-specific epitopes of Ovalbumin 
(OVA) was a kind gift from Dr. Tyler Jacks (MIT). Cell line 
was cultured in RPMI1640 supplemented with 10% FBS 
(Gemini), 1% penicillin/streptomycin and Glutamine (Gibco). 
Cell cultures were maintained at 37°C in a humid atmosphere 
containing 5% CO2 and 95% air. Cell lines were routinely 
tested for Mycoplasma (every three months) and were authen-
ticated (every six months) by STR authentication. De- 
identified patient tumor tissues were obtained under an IRB- 
approved protocol (IRB #00000971) from consented patients at 
the Moffitt Cancer Center.

In vivo treatment and cell transfer studies

After MRI-confirmation of tumors, mice with established 
tumors (150–200mm3) were randomly assigned to treat-
ment groups. For short-term treatment studies involving 
genomic profiling by RNA-sequencing, KP mice were trea-
ted i.p. with ACY241 (25 mg/kg body weight) 3x/week for 
three weeks. Control mice received vehicle (5% DMSO in 
10% 2-hydroxylpropyl β-cyclodextrin). For long-term drug 
efficacy studies, ACY241 was administered 3x/week and 
Oxaliplatin (10 mg/kg body weight) was administered 1x/ 
week i.p. in either the single agent or the combination 
groups for 6 weeks after which they were monitored until 
clinical endpoint. α-CCL4 antibody (clone W15194A, 50 
ug/mouse, i.p.) was administered 2x/week for 4 weeks. For 
mice with OVA-expressing lung tumors, B6 mice were 
implanted with B6 OVA 10103 F LT1 OVA-PGK tumor 

cell line. After tumor establishment as documented by 
MRI, mice were randomly assigned into vehicle or 
ACY241 treatment groups. ACY241 or vehicle was admi-
nistered 3x/week for 3 weeks after which tumors were 
harvested for flow cytometry and ImageStream analysis. 
T cells purified from the spleens of OT-I and OT-II 
T TCR transgenic mice were injected intravenously into 
B6 mice after inoculation with B6 OVA 10103 F LT1 
OVA-PGK tumor cell line.

Multiparameter flow cytometry

Processing of tumor nodules into single-cell suspensions 
and immune profiling by flow cytometry have been pre-
viously described.20 The gating strategy for FACS analyses 
is shown in supplementary figure 14. For acetylated α- 
tubulin staining, cytoplasmic expression was assessed 
using the BD Cytofix/Cytoperm Kit (BD Biosciences). 
For HDAC6 staining, this same kit was employed for 
cytoplasmic detection while the Ebioscience transcription 
buffer kit (eBioscience, Santa Clara, CA) was used for 
cytoplasmic and intracellular expression. Pre-incubation 
of cells permeabilized with the BD kit using unlabeled 
antibody was performed to block cytoplasmic HDAC6 
(cold competition) prior to second staining with labeled 
antibody of the same clone which was carried out after 
permeabilization with Ebioscience kit in order to distin-
guish signals from cytoplasmic versus nuclear cellular 
locations.

Cell purifications and Ex vivo T cell activation assay

T cells from the spleen of OT-I and OT-II mice or lung 
tumors of treated KP mice were isolated from single-cell 
suspensions using CD90.2 Magnetic beads (Miltenyi) 
according to the manufacturer’s protocol. For ex-vivo 
T cell activation, 1 × 106 T cells isolated from lung tumors 
were stimulated at 37°C with eBioscience™ Cell 
Stimulation Cocktail plus protein transport inhibitors 
(ThermoFisher Scientific) for 6 hours. Cells were washed 
and stained for intracellular cytokines using BD cytofix/ 
cytoperm kit (BD Biosciences) according to the manufac-
turer’s instructions at the end of the 6-hour culture. 
Briefly, cells were first stained for surface markers, includ-
ing CD4, CD8, and CD3, followed by intracellular staining 
with fluorophore-conjugated antibodies against IL-2, TNF- 
α, CD107a, and IFN-γ, or isotype-matched antibodies after 
fixation and permeabilization. In all stained samples, dead 
cells were excluded using LIVE/DEAD Fixable Aqua Dead 
Cell Staining Kit (Invitrogen, Carlsbad, CA).

Antibodies

All antibodies used for flow cytometry analysis were purchased 
from BD Biosciences (San Jose, CA), Biolegend (San Diego, 
CA), Invitrogen (Carlsbad, CA), Novus Biologicals 
(Centennial, CO), or abcam (Waltham, MA) and are listed in 
supplementary table 2.
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RNA-seq and data analysis

A total amount of 1 µg RNA per sample was used as input 
material for the RNA sample preparations the details of which 
are provided in Supplementary information. Sequencing libraries 
were generated using NEBNext® UltraTM RNA Library Prep Kit 
for Illumina® (NEB, USA) following manufacturer’s recommen-
dations and index codes were added to attribute sequences to each 
sample. The library preparations were sequenced on an Illumina 
NextSeq 2000 platform and paired-end reads were generated. Raw 
data (reads) of FASTQ format were first processed to obtain clean 
reads by removing adapters, poly-N sequences and reads with low 
quality. The STAR aligner (v2.6.1) was then utilized to align the 
data to the mouse reference genome mm10, (Ensemble gene 
annotations). FeatureCounts (v1.5.0) was used to count the read 
numbers mapped of each gene and Reads Per Kilobase of exon 
model per Million mapped reads (RPKM) of each gene was 
calculated based on the length of the gene and reads count 
mapped to this gene.21 Differential expression analysis between 
two conditions/groups was performed using DESeq2 R package 
(v1.30.0). The resulting P values were adjusted using the 
Benjamini and Hochberg’s approach for controlling the False 
Discovery Rate (FDR). Genes with an adjusted P value < .05 
found by DESeq2 were assigned as differentially expressed. Gene 
set enrichment analysis was performed with GSEA (v4.1.0) and 
hallmark, Gene Ontology, and KEGG gene sets obtained from 
Molecular Signatures Database (v7.4). We also conducted path-
way enrichment analysis utilizing the GeneGo MetaCore 
+MetaDrug™ tool (Thompson Reuters, version 6.31 build 
68930). Triplicate samples were initially processed. However, 
vehicle sample 3 for T cells and ACY241 sample 2 for TAMs 
were deemed as low quality and were excluded from further 
analysis. The RNA sequencing data have been deposited in the 
NCBI GEO public data repository.

Patient tumor 2-D cultures

Fresh resected NSCLC patient tumors were gently dissociated 
mechanically in RPMI 1640 media containing 10 U/mL 
Collagenase D (Sigma Aldrich) and 25 ug/mL DNase I grade 
II (Sigma Aldrich) followed by incubation at 37°C for 30 min-
utes. Dissociated tissue was further digested using 
GentleMACS (Miltenyi) after which single cells were passed 
over a 100 µm filter. Tumor cell suspensions were co-cultured 
with autologous monocytes pulsed with tumor cell lysate in the 
presence of complete media supplemented with 40 IU/ml of 
IL-2 and 10 ng/ml of IL-15. ACY241 and Oxaliplatin were 
added at a concentration of 10 ug/ml while DMSO (0.05%) 
was added to control wells. For viability studies, cells were 
maintained in culture for 4 days after which immunofluores-
cent staining was performed to determine the viability of 
tumor and immune cells by first staining with LIVE/DEAD 
dye followed by antibodies against EpCAM and CD45. For 
assessment of effector capacity of tumor-associated T cells, 
tumor cultures were maintained in the presence or absence of 
each drug or combination for 36 hours after which cells were 
washed and re-stimulated with Cell Stimulation Cocktail plus 
protein transport inhibitors (ThermoFisher Scientific) for 
6 hours prior to intracellular staining for TNF-α and IFN-γ.

ImageStream analysis

Subcutaneous tumors were developed using B6 OVA 10103 F 
LT1 OVA-PGK cell line and tumor-bearing mice were treated 
with either vehicle or ACY241 for 2 weeks after which tumors 
were resected from mice and processed into cell suspensions. 
Samples were subsequently stained with fluorophore- 
conjugated antibodies that included macrophage lineage mar-
kers as well as MHC class I and OVA257-264-specific antibodies. 
Samples were acquired on the Amnis® ImageStream®X Mk II 
(Luminex) and analyzed with the IDEAS 6.2 software.

Statistical analysis

Data were analyzed using mean ± standard error of the mean 
(SEM). Unpaired two-tailed Student t test was used for compar-
isons between two groups using GraphPad Prism software. 
P values < .05 were considered statistically significant (*); 
P values < .01 are marked **, and P values < .001 are marked ***.

Results

ACY241 treatment supports increased infiltration, 
activation, and effector profile of T cells in the lung tumors 
of a pre-clinical mouse model of NSCLC

Although previous report demonstrated the immunomodula-
tory properties of Ricolinostat, an HDAC6 inhibitor in 
a murine model of NSCLC,20 its effects on tumor-associated 
immune cells did not translate to improved anti-tumor response 
as a monotherapy. This promising result nonetheless led us to 
evaluate ACY241, a structurally similar compound with higher 
potency for HDAC6 inhibition and favorable solubility and 
safety profile.18,22 We postulated that ACY241 administration 
in our pre-clinical mouse model of NSCLC will likely be asso-
ciated with broader effects in the tumor microenvironment in 
a manner that supports improved therapeutic efficacy. In this 
regard, we first evaluated the nature and scope of ACY241 effects 
on tumor-associated immune cell subsets using the Kras mutant, 
p53-deficient genetically engineered mouse model (GEMM) of 
NSCLC in which spontaneous lung adenocarcinoma develop-
ment is driven by activating Kras mutation and concurrent p53 
deficiency (denoted KP).19

Upon tumor establishment (Supplementary Fig. S1) as con-
firmed by MRI, mice were treated with ACY241 or vehicle as 
controls (Figure 1a). We confirmed ACY241 activity in the 
tumor especially immune cells that are the focal point of our 
study by evaluating the acetylation of alpha-tubulin, which 
increases upon HDAC6 inhibition.23,24 Hyper-acetylation of α- 
tubulin was observed in tumor-associated T cells and macro-
phages upon ACY241 treatment (Supplementary Fig. S2). 
Analysis of resected tumors after treatment cessation by multi- 
parameter flow cytometry revealed an increase in the propor-
tions of CD4+ Foxp3- and CD8+ effector T cells as well as NK 
cells in the tumors of ACY241-treated mice relative to the 
vehicle control group. In contrast, the proportions of CD4 
+ CD25hiFoxp3+ regulatory T cells (Tregs) was diminished 
(Figure 1b). Myeloid cell subsets including tumor-associated 
macrophages (TAMs), myeloid-derived suppressor cells 

ONCOIMMUNOLOGY e2042065-3



(MDSC), and dendritic cells (DC) were, however, not signifi-
cantly altered (Supplementary Fig. S3). Similar to the sponta-
neous KP tumor model, we found that when we orthotopically 
implanted wild-type B6 mice with tumor cell line expressing 
CD4- and CD8-specific Ovalbumin (OVA) epitopes and then 
adoptively transferred a mixture of OT-I and OT-II TCR 
transgenic T cells into these mice, there was an increase in 
the proportions of OVA-specific OT-I CD8+ (Figure 1c, d) and 
OT-II CD4+ (Figure 1e, f) T cells in the OVA-expressing lung 
tumors. Furthermore, phenotypic assessment of CD8+ and 
CD4+ Foxp3- T cells within the tumors of ACY241-treated 
KP GEMM showed that these cells exhibited enhanced activa-
tion status and proliferative profile evidenced by higher expres-
sion of CD69 and Ki67, respectively, compared to equivalent 
cells in the tumors of vehicle treated controls (Figure 1g, h, 
Supplementary Fig. S4A). In addition, these T cells harbored 
increased central (CD44+ CD62L+) and effector (CD44 
+ CD62L-) memory phenotypic subsets (Figure 1i and 
Supplementary Fig. S4B).

ACY241 treatment is associated with reduced 
dysfunctional phenotype and enhanced effector capacity 
of NSCLC-infiltrating CD8 + T cells

Given existing reports demonstrating that HDAC6 inhibition 
can alter the expression of inhibitory checkpoint molecules in 
melanoma patient T cells,25 we evaluated the phenotype of lung 
adenocarcinoma-infiltrating T cells in our KP genetically engi-
neered mouse model of NSCLC with particular focus on the 
expression pattern of inhibitory protein molecules as well as 
their effector function ex vivo. Flow cytometric assessment 
revealed that in the presence of ACY241 treatment, lung 
tumor-infiltrating CD8 + T cells expressed lower levels of the 
inhibitory receptors BTLA, PD-1, and CTLA-4 relative to the 
CD8 + T cells in the tumors of vehicle-injected control mice 
(Figure 2a-c, Supplementary Fig. S5A). As these inhibitory 
receptors contribute to T cell dysfunction,26 their diminished 
expression under ACY241 treatment raises the possibility that 
they may be less functionally impaired compared to equivalent 
cells in untreated control tumors. Indeed, when stimulated ex- 

Figure 1. Increased infiltration and activation status of T cells in the tumors of ACY241- treated lung cancer-bearing mice. (a). Schematics of treatment and 
analysis of lung tumor-bearing KP mice. Lung tumor formation was induced in Kras+/LSL-G12D; Trp53L/L (KP) mice with intranasal administration of adeno-Cre. Mice with 
established tumors (150–200mm3) as confirmed by MRI were treated for three weeks with vehicle or ACY241 after which immune profiling was conducted by flow 
cytometry to assess the numbers and phenotype of immune cell subsets. (b) Proportion of CD4+ Foxp3-, CD8 + T cells, NK cells and Tregs (from left to right) within total 
viable cells per milligram of tumor. B6 mice orthotopically implanted with tumor cell line expressing CD4-and CD8-specific OVA epitopes were injected i.v. with 
a mixture of OT-I and OT-II TCR transgenic T cells and treated for 3 weeks with either vehicle or ACY241. Single cell suspensions from tumor nodules were analyzed for 
the proportions of OT-I or OT-II T cells. (c) Representative dot plots and (d) Summary for the frequency of tumor-infiltrating Vα2+ Vβ5+ OT-I cells within gated CD8 + T 
cells. (e) Representative histograms and (f) Summary for OVA tetramer+ cells within gated tumor-infiltrating CD4 + T cells. Tumors from un-injected mice served as 
controls. (g, h) Representative histograms (top) and summary (bottom) of expression levels for (g) CD69 and (h) Ki67 on tumor-infiltrating CD8 + T cells in the 
spontaneous KP lung tumor model. (i) Percent of CD8 + T cells with an effector memory (EM) or central memory (CM) phenotype within tumor infiltrating CD45+ CD3 
+ cells as determined by CD62L and CD44 staining in spontaneous KP tumors. Data are representative (c, e, g and h) or are mean ±SEM (i) of 5–7 mice per group. * 
indicates p-value ˂ 0.05, ** p-value ˂0.01, *** p-value ˂0.001.
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vivo, a higher proportion of tumor isolated CD8+ (Figure 2d, 
e) and CD4+ (Supplementary Fig. S5B, C) T cells expressed 
CD107a, an indicator of degranulation, and granzyme B, 
a cytotoxic granule associated with effector function under 
ACY241 treatment. Similarly, antigen-specific OT-I CD8 + T 
cells infiltrating orthotopic OVA-expressing lung tumors in 
mice that were injected with OT-I and OT-II T cells as 
described in Figure 1c-f showed significantly higher expression 
of CD107a and granzyme B when evaluated ex-vivo (Figure 2f, 
g). Collectively, these observations suggest that ACY241 pro-
motes qualitative changes that is favorable to improved func-
tionality of tumor-infiltrating T cells in NSCLC.

ACY241 treatment facilitates changes in tumor-associated 
macrophages that are conducive to enhanced antigenic 
stimulation of T cells

Besides the T cell compartment, we also interrogated the 
phenotype of myeloid cells, specifically tumor-associated 
macrophages (TAMs; CD11b+CD11c-Gr1-). Our analysis 

revealed that both MHC class I and II molecules were sub-
stantially increased in TAMs present in the tumors of 
ACY241-treated mice relative to vehicle controls (Figure 3 
a, b) suggesting that ACY241 may facilitate improved pre-
sentation of tumor antigens to T cells in the tumor bed. 
Consistent with this idea, we found that TAMs in the tumors 
of ACY241-treated mice displayed higher expression of 
CD8 + T cell-specific OVA epitope (OVA256-264) in associa-
tion with MHC class I (H-2Kb) in B6 mice bearing OVA- 
expressing tumors (Figure 3c, d, Supplementary Fig. S6A, B). 
We also observed a higher expression of this OVA antigenic 
peptide on the tumor cells in the ACY241 treatment condi-
tion (Supplementary Fig. S6C). In additional phenotypic ana-
lysis, we found that ACY241-exposed TAMs displayed 
increased levels of co-stimulatory molecules CD80, CD86, 
and CD40 while expressing reduced levels of the inhibitory 
ligands PD-L1 and PD-L2 (Figure 3e-i). These findings raise 
the possibility that ACY241 may tip the balance between 
activating and inhibitory signal availability to T cells in 
favor of the former in NSCLC.

Figure 2. Reduced inhibitory receptor expression in tumor-infiltrating CD8 + T cells of ACY241-treated mice is accompanied by increased effector signature. 
Single cell suspensions generated from lung tumors of KP mice that were treated with vehicle or ACY241 were analyzed by flow cytometry to determine the phenotype 
of tumor-associated CD45+ CD3 + T cells. (a-c) Representative histograms (top) and summary (bottom) of expression levels for BTLA (a), PD-1 (b) and CTLA-4 (c) on 
tumor-infiltrating CD8 + T cell subset. T cells isolated from lung tumors of mice treated as indicated were stimulated for 6 hours with Cell Stimulation Cocktail plus 
protein transport inhibitor for subsequent intracellular cytokine staining. Representative histogram (top) and summary (bottom) for the expression of CD107a (d) or 
Granzyme B (e) on gated CD8 + T cells. B6 mice orthotopically implanted with KP tumor cell line expressing CD4-and CD8-specific OVA epitopes were injected i.v. with 
a mixture of OT-I and OT-II TCR transgenic T cells and treated for 3 weeks with either vehicle or ACY241. Single cell suspensions generated from the resected OVA- 
expressing lung tumors were similarly analyzed by flow cytometry. (f, g) Representative histograms (top) and corresponding heat maps (bottom) for the expression of 
CD107a (f) and Granzyme B (g) in Vα2+ Vβ5+ OT-I cells within gated total tumor-infiltrating CD8 + T cells. Data in d and e (bottom) are mean ±SEM of 5–6 mice per 
group. * indicates p-value ˂ 0.05, ** p-value ˂0.01.
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ACY241 alters the transcriptional landscape of 
tumor-associated T cells and macrophages to reveal 
distinct genomic signatures accompanying its 
immunomodulatory effect

Although HDAC6 activity is often described in association with 
post-translational modification of its target proteins, such as α- 
tubulin, consistent with its largely cytoplasmic localization,27–29 

increasing evidence support the idea that it likely has under- 
appreciated transcriptional regulatory activity.30–32 Indeed, 
HDAC6 was present not only in the cytoplasm of tumor- 
associated immune cells of interest, specifically T cells and 
macrophages, but was also detected in the nucleus 
(Supplementary Fig. S7). To gain some insight into the mechan-
ism of ACY241 action in the context of transcriptional regula-
tion that likely accompanies its immunomodulatory effects, we 
performed RNA-sequencing of T cells and TAMs that were 
sorted from the tumors of vehicle versus ACY241-treated KP 
mice. Our analysis showed that only 213 genes were upregulated 

in ACY241-exposed tumor-T cells whereas over 4,245 genes 
were downregulated (Log2 fold change greater than 1.5; 
Supplementary Table 1). There was generally no significant 
effect on T cell-associated canonical genes that are often 
involved in T cell signaling, activation, differentiation and/or 
function except for IL33 and Nfatc2ip (Figure 4a, Supplementary 
Fig. S8A). However, genes involved in apoptosis including Fasl 
and Bax were downregulated in ACY241-treated mice suggest-
ing ACY241ʹs potential for enhancement of T cell survival. 
Notably, several genes encoding inhibitory receptors or mole-
cules involved in attenuation of T cell optimal function, such as 
ctla4, vsir, tigit, lgals9, and Arg1, were also downregulated in 
tumor-infiltrating T cells exposed to ACY241 (Figure 4a, 
Supplementary Fig. S8A). Gene set enrichment analysis 
(GSEA) further revealed that genes involved in apoptosis path-
way and TGF-Beta signaling were downregulated in tumor-T 
cells upon ACY241 treatment (Figure 4b, c) suggesting that 
ACY241 activity may enhance survival and limit TGF-Beta 
inhibitory signaling.

Figure 3. ACY241 potentiates phenotypic shift favoring upregulated expression of co-stimulatory molecules as well as tumor-expressed antigen over 
inhibitory ligands in tumor-associated macrophages. The phenotype of tumor-associated macrophages (TAMs; CD11b+CD11c-Gr-1-) in lung tumors of vehicle and 
ACY241-treated KP mice was evaluated by flow cytometry and imaging flow cytometry (Imagestream). Representative histograms (top) and summary (bottom) for the 
expression of (a) I-A/I-E (MHC class II), (b) H-2b (MHC class I). B6 mice were implanted with tumor cell line that expresses both CD4- and CD8-specific OVA epitopes. Mice 
were treated for 2 weeks with either vehicle or ACY241 after which tumor single cell suspensions were analyzed by imagestream. (c, d) Representative images for the 
expression of MHC class I H-2Kb and OVA257-264 on CD11b+CD11c- macrophages in the tumors of vehicle (c) versus ACY241 (d) treated mice. (e-i) Representative 
histograms (top) and summary (bottom) for the expression of (e) CD80, (f) CD86, (g) CD40, (h) PD-L1, and (i) PD-L2 on TAMs in vehicle or ACY241-treated KP mice as 
determined from median fluorescent intensity (MFI). Data are representative or are mean ±SEM of 5–7 mice per group. * indicates p-value ˂ 0.05, ** p-value ˂ 0.01.
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Strikingly, in TAMs, 1,976 and 3,679 genes were up- or 
down-regulated, respectively, after ACY241 treatment 
relative to vehicle demonstrating a more profound effect 
of ACY241 on TAMs compared to T cells (Supplementary 
Table 1, Supplementary Fig. S8B). Among the most upre-
gulated genes are those encoding costimulatory molecules 
Tnfrsf9, Cd40, Cd80, Cd83; MHC proteins H2-Ab1, H2- 
DMb1, as well as related proteins Cd1d1, Cd74, Ctsa, and 
Tpp1 (Figure 4d). A number of chemokine genes, such as 
Cxcl12, Ccl4, and Ccl22, were also differentially expressed 
(Figure 4 e). Furthermore, among the most prominently 
downregulated gene transcripts are those whose protein 
derivatives play anti-inflammatory roles or function to 
attenuate T cell function. These include Tgfbr3, Cd274, 
Nos, Pdcd4, and Tnfsf10 (Figure 4 e, Supplementary Fig. 
S8B). GSEA identified enrichment of genes that control 
Interferon alpha response and TNF-alpha signaling via 
NF-κB as well as JAK/STAT signaling pathway (Figure 
4f, g).

Oxaliplatin synergizes with ACY241 to support enhanced 
anti-tumor response and tumor-associated T cell effector 
function

The increased CCL4 expression in tumor-associated macro-
phages upon ACY241 treatment as revealed by RNA- 
sequencing prompted us to investigate whether this chemokine 
plays a key role in the recruitment of T cells into the tumor bed, 
culminating in the observed higher proportions. Consistent 
with increased CCL4 transcript in TAMs, there was more 
than 2-fold increase in the amount of CCL4 present in the 
supernatants of TAMs that were cultured in the presence of 
ACY241 for 24 hours relative to vehicle-exposed cells 
(Supplementary Fig. S9A). Furthermore, bronchoalveolar 
lavage (BAL) fluid obtained from tumor-bearing lungs of 
ACY241-treated mice had significantly higher levels of CCL4 
compared to similar fluid from vehicle-treated mice 
(Supplementary Fig. S9B). To determine if neutralizing CCL4 
impacts tumor growth kinetics and T cell proportions in the 

Figure 4. Transcriptomic analyses reveals genomic features that underlie the immunomodulatory activity of ACY241. CD45+ CD3+ Foxp3- T cells 
and CD45+ CD11b+CD11c-Gr-1- tumor-associated macrophages (TAMs) were concurrently sorted from lung tumors of vehicle and ACY241-treated KP mice 
for bulk RNA sequencing on the NextSeq500 Illumina platform. Data was analyzed by the R package Seurat analysis pipeline. (a) Heat map for immune- 
related differentially expressed genes (≥ log2 fold change at padj value 0.05) in tumor-T cells from ACY241-treated mice relative to vehicle controls. Gene 
set enrichment analysis (GSEA) was performed to identify pathways that are differentially enriched in tumor-T cells from ACY241-treated mice over vehicle. 
GSEA plot for (b) Apoptosis and (c) TGF-Beta signaling pathways. (d, e) Heat maps for immune-related differentially expressed genes (≥ log2 fold change at 
padj value 0.05) in TAMs from ACY241-treated mice relative to vehicle controls. (d) Expression pattern for indicated co-stimulatory, MHC, and related gene 
transcripts. (e) Expression pattern for indicated chemokines as well as indicated transcripts involved in attenuating T cell priming. (f, g) GSEA plots for (f) 
Interferon alpha response and (g) TNF-alpha signaling via NF-κB as determined by enrichment scores for gene sets in indicated pathways.
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tumors, we treated KP mice with established tumors (150– 
200mm3) with vehicle, ACY241 or ACY241 plus anti-CCL4 
antibody. We found that the delayed tumor growth of mice 
treated with ACY241 was nearly abrogated in the presence of 
anti-CCL4 antibody treatment, an effect that was absent in 
mice co-treated with isotype control antibody (Figure 5a). 
Coincident with this finding, the increased tumor-infiltrating 
CD4+ Foxp3- and CD8 + T cell numbers that accompanied 
ACY241 treatment was reversed under this anti-CCL4 
/ACY241 co-administration (Supplementary Fig. S10A, B) 
implicating ACY241 enhancement of CCL4 as a recruitment 
mechanism for effector T cell infiltration into the tumor bed. 
Of note, CCR5, a receptor for CCL4 is expressed on a subset of 
tumor-infiltrating CD3+ Foxp3- T cells but only marginally 
expressed on the Tregs (Supplementary Fig. S10C).

Next, we sought to determine whether the observed 
therapeutic effect of ACY241 as a monotherapy could be 
further amplified when combined with rationally selected 
partner agents. The chemotherapy drug Oxaliplatin has 
been reported to promote immunogenic cell death of 

tumor cells.33–35 We reasoned that tumor-associated anti-
gens arising from Oxaliplatin-supported tumor cell death 
is likely to be presented in the context of enhanced MHC 
expression and costimulatory signals if partnered with 
ACY241 and this may support enhanced anti-tumor 
T cell response. To this end, we treated lung tumor- 
bearing KP mice with ACY241 (3x/week) and/or 
Oxaliplatin (1x/week). Control mice received vehicle. 
Survival of mice treated with ACY241 alone mirrored 
those treated with Oxaliplatin alone although the former 
was slightly more efficacious in prolonging survival com-
pared to vehicle-treated mice (MST 48 vs 41 vs 20). 
Administration of both agents concurrently achieved the 
most therapeutic outcome as mice treated with this com-
bination survived much longer than those treated with 
either agent alone (MST 69) with some mice remaining 
alive past 80 days suggesting an additive effect from both 
drugs (Figure 5b). Consistent with these observations, 
tumor weight as measured after 6 weeks of treatment 
was significantly reduced in ACY241 or Oxaliplatin- 

Figure 5. ACY241 coupled with Oxaliplatin significantly improves the survival of tumor-bearing mice. KP mice with established tumors (150–200mm3) received 
intraperitoneal injections of ACY241 (3X/week) and/or Oxaliplatin (1x/week) for 6 consecutive weeks. Mice receiving vehicle served as controls. One cohort was analyzed 
right after treatment cessation while a second cohort was monitored until clinical endpoints. (a) Kinetics of tumor growth in KP mice treated with vehicle or ACY241 with 
or without anti-CCL4 or isotype (control) antibodies. (b) Kinetics of survival for tumor-bearing mice that were treated as indicated and monitored long term. (c) Weight 
of tumor nodules in the lungs of treated mice analyzed right after 6-week treatment. Immune profiling was conducted by flow cytometry using tumor single cell 
suspensions to determine proportion of T cell subsets. (d) CD8 + T cells to Tregs (CD4+ CD25hiFoxp3+) ratio in tumors of mice in each treatment group. Tumor- 
infiltrating CD45+ CD3 + T cells were isolated from tumor cell suspensions and equivalent numbers stimulated for 6 hours with Cell Stimulation Cocktail plus protein 
transport inhibitor after which intracellular staining was conducted. Representative Zebra plot (e) or summary (f-h) for proportion of gated CD8 + T cells secreting IL-2 (e 
top, f), TNF-α (e middle g), and IFNγ (E, bottom, H) under each treatment condition as indicated. Data are representative (e) or are mean ± SEM (a, b, f-h) of 5–7 mice per 
group. * indicates p-value ˂ 0.05, ** p-value ˂ 0.01, *** p-value ˂ 0.001.
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treated mice relative to vehicle control, and this was 
further reduced in the presence of the two drugs. 
(Figure 5c). As myeloid-derived suppressor cells (MDSC) 
also contribute to dampening anti-tumor responses in 
lung cancer,36,37 we investigated whether agents that can 
deplete these cells as observed in our GEM model 
(Supplementary Fig. S11) such as Gemcitabine38 might 
promote therapeutic outcomes when partnered with 
ACY241. Surprisingly, we found that Gemcitabine when 
combined with ACY241 did not promote any therapeutic 
benefit beyond what was associated with ACY241 alone 
(Supplementary Fig. S12). We also tested entinostat, 
a class I HDAC inhibitor which has been evaluated in 
patients with metastatic NSCLC39 and found that unlike 
ACY241 monotherapy, it did not provide any survival 
benefit (Supplementary Fig. S12).

For mice analyzed at clinical endpoints in the ACY241/ 
Oxaliplatin treatment cohorts, we found significantly increased 
CD8 + T cells:Treg ratio in the tumors of ACY241 
+ Oxaliplatin-treated mice that can be largely attributed to 
ACY241 effect (Figure 5d). Importantly, the capacity of these 
tumor-associated CD8 + T cells to produce IL-2, TNF-α, and 
IFN-γ upon ex-vivo stimulation was significantly increased in 
ACY241 and Oxaliplatin-treated mice compared to either 
agent alone (Figure 5e and f-h). Similar pattern was noted for 
the CD4 + T cells (Supplementary Fig. S13). Thus, ACY241 
cooperated with Oxaliplatin to enhance polyfunctionality of 
tumor-associated T cells and promoted a durable anti-tumor 
response in our pre-clinical mouse model of NSCLC.

Combination of ACY241 and Oxaliplatin augments 
effector cytokine capacity of tumor- associated CD8 + T 
cells in ex-vivo patient tumor cultures

Given the therapeutic benefits of ACY241 and Oxaliplatin 
combination in the pre-clinical model as described above, 
we next investigated the effects of this drug combination on 
tumor-associated T cells in ex-vivo cultures of patient- 
derived tumor tissues. Interestingly, CD8 + T cells within 
tumor cultures exposed to ACY241 or Oxaliplatin for 
36 hours showed enhanced ability to secrete TNFα and 
IFNγ compared to control cultures incubated with vehicle 
upon secondary TCR-independent stimulation. This out-
come was even more profound in cultures containing 
both drugs (Figure 6a, b). To gauge the potential for clin-
ical applicability of this combinatorial regimen, we investi-
gated whether both agents together have deleterious effects 
on tumor-associated immune cells, which are important 
mediators of durable anti-tumor responses.40 Thus, we 
evaluated the viability of tumor and immune cells in par-
allel cultures as described above and which were main-
tained for 4 days prior to analysis. While increased tumor 
cell death followed an increasing trend from ACY241 to 
Oxaliplatin to the combination, immune cells were largely 
unaffected in the presence of one or both drugs in this 
short-term culture (Figure 6c-f) suggesting that the combi-
nation of ACY241 and Oxaliplatin does not promote 
a significant toxic effect on tumor-associated immune cells.

Discussion

In hematologic cancers, both pan and selective HDAC inhibi-
tors show promising therapeutic results.41,42 However, solid 
cancers have not met with the same level of success although 
emerging data is encouraging.2,13,16–18,22,43 In the present 
study, we evaluated ACY241, an HDAC6-selective inhibitor 
in a pre-clinical mouse model of NSCLC in order to determine 
its therapeutic potential in this disease by leveraging its identi-
fied immunomodulatory effects in new combinatorial drug 
regimen.

Our immunogenomic studies suggest that ACY241 has 
a broad effect on NSCLC-associated macrophages and T cells. 
Indeed, several genes involved in signaling, apoptosis, MHC 
assembly machinery, antigen presentation, co-inhibition, and 
co-stimulation were differentially altered in these cells upon 
ACY241 treatment relative to vehicle controls. The downregu-
lation of gene sets involved in apoptosis pathway in tumor- 
associated T cells suggests that HDAC6 may play a critical role 
in regulating the survival of tumor-associated T cells. On the 
other hand, the upregulation of IFN-α and TNF-α signaling 
pathway-associated gene sets in macrophages raises the possi-
bility that AC241 may regulate macrophage activity in inflam-
matory immune responses. While HDAC6 activity is primarily 
cytosolic,27,28 it is readily detected in the nucleus of tumor- 
associated immune cell subsets as described. Our study sup-
ports the growing body of evidence that it likely exhibits sig-
nificant transcriptional regulatory activity and it possibly 
interacts with other transcriptional factors, co-factors, and 
regulators to modulate transcriptional machinery associated 
with a number of genes.30–32 Indeed, HDAC6 interactions 
with Stat3 and the IL-10 gene promoter have been described.44

Although only a fraction of tumor-associated T cells 
expressed CCR5 in our model, our findings suggest that the 
increased numbers of conventional T cells in the tumors of 
ACY241-treated mice may be mediated in part by CCL4-CCR5 
chemokine signaling axis as this effect was abrogated with 
CCL4 neutralization. We postulate that ACY241-mediated 
enhanced production of CCL4 by macrophages is one potential 
mechanism promoting the increased recruitment of effector 
T cells into the tumor bed. Coupling this increased T cell 
presence with ACY241-mediated enhancement of co- 
stimulatory capability by macrophages provides an immuno-
logical recipe that likely facilitates improved effector T cell 
function as demonstrated in our studies.

While our findings suggest that ACY241 likely promotes 
recruitment, hence increased T cell numbers in the tumor 
microenvironment (TME), it remains a possibility that this 
increase is also due to clonal expansion of tumor-reactive 
T cells, a notion that is supported by our results from the 
OVA-specific T cell adoptive transfer studies in lung 
tumor-bearing mice in which OVA was expressed as 
a surrogate tumor antigen. We speculate that such clonal 
expansion may arise through an indirect effect whereby the 
composite of ACY241-associated increase in MHC expres-
sion, co-stimulatory molecules, and decrease in inhibitory 
ligands in APCs lowers the threshold for activation and 
priming of effector T cells with strong TCR affinities for 
tumor antigens, facilitating their expansion in the tumor. 
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This is plausible as tumor-associated T cells under ACY241 
treatment exhibited increased proliferative profile compared 
to vehicle-treated group. Future studies focused on analysis 
of the T cell receptor repertoire of tumor-infiltrating T cells 
in the presence or absence of ACY241 treatment could shed 
light on these possibilities.

Tumor antigen vaccinations have been explored as 
a modality for immunotherapy of cancer.45,46 While tumor- 
associated antigens that are immunogenic have not been 
fully elucidated in lung cancer, our findings that ACY241 
promotes broad phenotypic changes in both tumor- 
infiltrating T cells and TAMs that in principle should 
promote enhanced antigen presentation and co-activation 
of T cells supports its suitability in tumor vaccination 
settings. Given the observation that tumor-expressed OVA 
antigenic epitopes associated with MHC class I molecules 
was not only higher on tumor macrophages upon ACY241 
treatment but was also upregulated on tumor cells, it is 
likely that ACY241 promotes increased immunogenicity of 
lung adenocarcinoma cells.

Although its therapeutic effect was modest as a single agent 
in our studies, we speculate that ACY241 is likely to be 
a suitable rationally selected partner drug in novel combina-
torial drug regimens where the other agent precipitates 
increased availability of tumor antigens through immunogenic 
tumor cell death. Our results from its combination with 
Oxaliplatin is in alignment with this idea. The relatively unre-
markable outcome of ACY241 + Gemcitabine combination, 
however, may be explained by the latter’s inability to evoke 
immunogenic cell death (ICD)47 despite being able to induce 
expression of most ICD markers. Given the toxicity often 
associated with chemotherapy agents,48,49 it was somewhat 

surprising to us that the combination of ACY241 and 
Oxaliplatin was well tolerated in the treated mice with no 
observable evidence of severe toxicity. Thus, this regimen 
appears to show a relatively safe profile at least in this pre- 
clinical mouse model. In support of this inference, tumor- 
associated leukocytes in patient tumor cultures did not show 
impaired viability in the presence of both agents in vitro unlike 
tumor cells. Thus, we opine that the combination of ACY241 
and low-dose Oxaliplatin could be a potentially tolerable drug 
regimen for consideration in NSCLC therapy.

Although ACY241 has been tested in clinical trials in 
combination with anti-PD-1 or paclitaxel (NCT02635061, 
NCT02551185),50 it’s therapeutic potential in NSCLC is still 
being explored. In the NCT02635061 clinical trial that tested 
the combination of ACY241 with anti-PD-1, patients with 
confirmed unresectable NSCLC for which nivolumab is clini-
cally appropriate were enrolled. These patients must have had 
one line of prior therapy that was not an HDAC inhibitor, 
anti-PD-1, anti-PD-L1 or anti-CTLA-4 immunotherapy and 
must have progressed while on the prior therapy or have 
discontinued due to toxicity. With the reported responses 
observed in patients in the clinical trial,50 and the robust 
activity as described in the present study, ACY241 could be 
a very promising non-prototypical immunotherapy agent if 
partnered with rationally selected drugs that cooperate, syner-
gize, or amplify its immunostimulatory effects to a threshold 
that yields therapeutic outcomes. The increased effector func-
tionality of patient tumor-associated CD8 + T cells exposed to 
ACY241 and Oxaliplatin in vitro supports the premise that 
Oxaliplatin is one such suitable partner agent for combination 
with ACY241. In this regard, further clinical assessment of 
this combination is worth exploring. Besides Oxaliplatin, our 

Figure 6. Combination of ACY241 and Oxaliplatin augments effector cytokine capacity of tumor-associated CD8 + T cells in ex-vivo patient tumor cultures. 
Freshly resected tumor tissues from non-small cell lung cancer patients were processed into single cell suspensions and co-cultured with autologous peripheral blood- 
derived monocytes pulsed with tumor cell lysate in complete media supplemented with 40IU/ml of IL-2 and 10 ng/ml of IL-15. ACY241 and Oxaliplatin were added at 
a concentration of 10ug/ml while DMSO in media was added to control cultures at similar concentration (0.01%) as the drug formulations. Cultures maintained for 
36 hours were washed and re-stimulated with Cell Stimulation Cocktail plus protein transport inhibitors for 6 hours prior to intracellular cytokine staining. (a, b) 
Representative histograms (top) and summary (bottom) for the proportion of CD8 + T cells secreting TNFα (a) or IFNγ (b) within gated viable CD45+ CD3 + T cells. 
Cultures maintained for 96 hours were washed and stained with live/dead viability dye to determine live and dead cells in EpCAM+ tumor cells or CD45+ immune cells. 
(c, e) Representative histograms indicating proportions of tumor (c) or immune (e) cells that are dead as determined by positive staining for the live/dead viability dye. 
(d, f) Summary for the proportion of live versus dead cells in EpCAM+ tumor (d) or CD45+ immune cells (f). Data are representative (a, b, c, e) or mean ± SEM (d, f) of 3 
independent experiments. * indicates p-value ˂ 0.05, ** p-value ˂0.01, *** p-value ˂0.001.
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studies suggest that ACY241 therapeutic potential will likely 
be maximized when partnered with other agents that capita-
lize on what it appears to do efficiently – enhance effector cell 
infiltration, support of macrophage-mediated T cell priming 
and lowering molecular brakes on T cells.
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