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Entinostat in combinationwith nivolumab in
metastatic pancreatic ductal
adenocarcinoma: a phase 2 clinical trial

A list of authors and their affiliations appears at the end of the paper

Pancreatic ductal adenocarcinoma (PDA) is characterized by low cytotoxic
lymphocytes, abundant immune-suppressive cells, and resistance to immune
checkpoint inhibitors (ICI). Preclinical PDAmodels showed theHDAC inhibitor
entinostat reducedmyeloid cell immunosuppression, sensitizing tumors to ICI
therapy. This phase II study combined entinostat with nivolumab (PD1 inhi-
bitor) in patients with advanced PDA (NCT03250273). Patients received enti-
nostat 5mg orally once weekly for 14-day lead-in, followed by entinostat and
nivolumab. The primary endpoint was the objective response rate (ORR) by
RECIST v1.1. Secondary endpoints included safety, duration of response, pro-
gression free-survival and overall survival. Between November 2017 and
November 2020, 27 evaluable patients were enrolled. Three showed partial
responses (11% ORR, 95% CI, 2.4%-29.2%) with a median response duration of
10.2 months. Median progression-free survival (PFS) and overall survival (OS)
were, respectively, 1.89 (95% CI, 1.381-2.301) and 2.729 (95% CI, 1.841-5.622)
months. Grade ≥3 treatment-related adverse events occurred in 19 patients
(63%), including decreased lymphocyte count, anemia, hypoalbuminemia, and
hyponatremia. As exploratory analysis, peripheral and tumor immune profiles
changeswere assessed using CyTOF,mIHC, and RNA-seq. Entinostat increased
dendritic cell activation and maturation. Gene expression analysis revealed an
enrichment in inflammatory response pathways with combination treatment.
Although the primary endpoint was not met, entinostat and nivolumab
showed durable responses in a small subset of PDA patients. Myeloid cell
immunomodulation supported the preclinical hypothesis, providing a basis
for future combinatorial therapies to enhance clinical benefits in PDA.

Pancreatic ductal adenocarcinoma (PDA) is the third leading cancer-
related cause of death in adults, with 50,550 estimated deaths in 2023
in the United States1. Most patients with PDA have advanced disease at
diagnosis, with a dismal overall prognosis that has remained virtually
unchanged for many decades. The mainstay of treatment of advanced
PDA is cytotoxic chemotherapy, and patients who are refractory to
first-line chemotherapy have limited therapeutic options2. PDA is
characterized by a T cell suppressive immune microenvironment and

is not responsive to current immune-based therapies targeting T cell
functionality. In the largest clinical trial to date of immune checkpoint
inhibitor (ICI) therapy in PDA, the response rate to ICI monotherapy
was 0%3. Novel combination approaches are needed to transform PDA
into an immune-responsive tumor type.

Multiple preclinical and clinical studies have demonstrated that
histone deacetylase inhibitors can alter the tumor microenvironment
(TME) immunogenicity4–6. In preclinical models of renal and
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castration-resistant prostate cancer, a lowdoseof histonedeacetylases
inhibitor (HDACi), entinostat, a class I/III HDAC inhibitor, in combi-
nation with IL-2 therapy or a survivin-based vaccine, inhibited tumor
growth, reduced infiltrating regulatory T cells (Tregs) and increased
the T effector (Teff) response7. Combination therapy of entinostat and
anti-PD1 therapy in renal cell and lung cancer animal models also
revealed the anti-tumor synergy of the combination8. Preclinical and
clinical studies have suggested that the mechanism of immunomo-
dulation for HDAC inhibitors is transcriptional reprogramming of
some myeloid subsets to less T cell suppressive states. Orillion et al.
demonstrated decreased myeloid-derived suppressor cells (MDSC)
immunosuppressive function on T cells in co-culture assays in Lewis
Lung Cancermodels, which translated to improved survival of animals
treatedwithHDAC inhibition aswell as ICI therapy9. In the lung, breast,
and colon cancer in vivo models, multiple groups have reported that
combination therapy of ICI and HDAC inhibition decreases tumor
growth and increases survival, with an impact on both numbers of
granulocytic myeloid-derived suppressor cells (G-MDSCs) in the TME9

and conversion on TAMs to favor a Th1 transcriptional state10–12.
Translationof thesepreclinical data into patients hasbeen compelling,
with clinical trials of entinostat and anti-PD1 therapy reporting durable
clinical responses in non-small cell lung cancer andmelanomapatients
resistant to anti-PD1 therapy. These studies further support the notion
that HDACi may convert immunotherapy-resistant cancers into
responders13,14. Correlative analyzes of these previous trials showed
decreased monocytic MDSCs (M-MDSCs) in the periphery of
responders.

Prior work from our group investigated the ability of HDACi to
alter the suppressive function of suppressive immune cells in favor of
recruiting T cells into PDA15,16. Using immune-competent syngeneic
murine models, our previous studies demonstrated that i) the HDACi
entinostat shifted the predominant M-MDSC population to a less
immunosuppressive G-MDSC population, ii) entinostat exposure
altered G-MDSC function converting them to a less immunosuppres-
sive phenotype; iii) combination therapy of entinostat plus anti-PD-1
significantly improved survival as compared with mice treated with
either agent alone14,15. Based on these data, we hypothesized that
HDACi therapy could modulate the PDA TME, converting PDAs from a
T cell-excluding cancer type into a T cell-permissive one.

Here, we report here a phase 2 clinical trial of entinostat and the
PD-1 inhibitor, nivolumab, in previously treated metastatic PDA
patients. This study demonstrates the safety and tolerability of the
combination. In addition, although the primary endpoint was not met,
three patients had a partial response by RECIST v1.1 criteria; the
median duration of responses was 10.2 months, supporting further
development of this approach for PDA treatment.

Results
A small subset of advanced PDAC patients responded to enti-
nostat and nivolumab
Patient characteristics. From November 2017 to November 2020, a
total of 30 patients with unresectable ormetastatic, previously treated
PDA were enrolled at the Johns Hopkins Sidney Kimmel Comprehen-
sive Cancer Center in Baltimore, MD (Fig. 1). The baseline clinical
characteristics and disease status of the patients are summarized in
Table 1. It was a heavily pre-treated patient population, with 63% of
patients (n = 19) having received ≥2 prior lines of systemic therapy
(range 1–3).

Clinical responses to the combined checkpoint and HDAC inhibi-
tion. Of the 30 enrolled and treated patients, three discontinued study
therapy due to toxicity (fatigue, anorexia and biliary sepsis, respec-
tively) without evidence of disease progression before completing the
first restaging scan (Fig. 2a,). Per protocol, after the first 13 patients
were evaluable, an interim efficacy analysis showed that the study met

the criteria to move to the second stage of enrollment (one responder
among the first 13 patients enrolled), and the trial was fully enrolled. In
the evaluable patient population (n = 27, three patients were not eva-
luable as patients came off the study due to toxicity before completing
the first cycle of treatment without evidence of disease progression.),
the objective response rate (ORR) was 11.1% (3 of 27; 95%CI, 2.4–29.2%,
p =0.15). For the three patients with an objective response, themedian
duration of response was 10.2 months. Median progression-free sur-
vival (PFS) and overall survival (OS) were short, respectively 1.89 (95%
CI, 1.381–2.301) and 2.729 (95% CI, 1.841–5.622) months and consistent
with historical controls (Fig. 2e, f). PFS rates at 6months and 12months
were 0.067 (95% CI, 0.017- 0.254), and 0.067 (95% CI, 0.017–0.254). All
patients progressed by 24 months. Twenty-four of the 27 patients
(89%) had an elevated pancreatic cancer marker, CA19.9, at the study
baseline, and CA19.9 levels were followed routinely for 19 of these
patients. A waterfall plot of maximum CA19.9 changes on study ther-
apy for all subjects with an elevated CA19.9 at baseline and correlation
with the radiological response is shown in Supplementary Fig. 1.

A summary of the observed clinical responses for the three
patients that achieved partial response is shown in Fig. 3. Of note, all 3
of these responders also experienced immune-related adverse events
(irAE). Responder 1 (patient P28) presented with metastatic disease to
the lungs and lymph nodes after neoadjuvant and adjuvant therapy for
stage III disease. The tumor was microsatellite stable (MSS) and
showed a low tumor mutation burden (TMB; 4.41 mutations/Mb). The
patient initiated treatment with entinostat and nivolumab with a par-
tial response (PR) and normalization of CA19.9 at two months and a
complete response (CR) of the lung metastasis at seven months. The
patient’s treatment was complicated by immune-related renal tubular
acidosis requiring electrolyte replacement, and the patient elected to
stop treatment after 9 cycles. The cancer continued to respond, and
ultimately, the patient passed away due to elective surgery complica-
tions (unrelated to cancer) without evidence of disease progression
10.2 months after initiating therapy.

Responder 2 (patient P18) presented with MSS, low TMB (3.53
mut/Mb) PDAmetastatic to liver and peritoneum, progressing despite
two lines of standard chemotherapy. The patient subsequently

Fig. 1 | Consort diagramof enrolled patients. n values represent the number of
patients at each stage of the protocol. ±The safety population included all
patients who received one or more doses of entinostat. The efficacy evaluable
population included all patients in the safetypopulationwithmeasurable disease at
baseline per RECIST v1.1. Three patients were not evaluable as patients came off the
study due to toxicity before completing the first cycle of treatment without evi-
dence of disease progression.
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enrolled in the trial and received entinostat plus nivolumab, resulting
in a maximum response of −64% and normalizing his CA19.9. Despite
stopping treatment after approximately 1 year due to grade 3 itching,
the patient maintained an objective response for nearly two years
before oligo-progression in the adrenal gland. The patient then
underwent local radiation therapy and showed continued response in
other disease sites for 7 additional months. This patient remains alive
at the time of this report, 5 years after initiating therapy.

Responder 3 (patient P38) was a patient with stage IV PDA (MSS,
TMB 13.23 mut/Mb) with metastasis to the liver and lymph nodes. The
patient achieved amaximum response of −43% on third-line treatment
within the clinical trial. Of note, after three cycles, the patient devel-
oped grade 3 colitis, for which treatment with steroids, tapered over 6
weeks, was started; the patient then continued on trial, and scans at

6months from starting the clinical trial showed amixed response with
regression of the target lesions and progression of one left supracla-
vicular lymph node. This patient came off study and achieved a partial
response upon the next-line standard of care treatment.

Safety of combination therapy
Toxicity was evaluated in all the patients who received at least one
dose of entinostat (n = 30). The safety and toxicity of entinostat and
nivolumab in combination were consistent with the toxicity profile of
the two individual drugs and with the prior experience of this combi-
nation in other tumor types17.Twenty-seven (90%) patients had AEs
related to one of the study drugs; 27 (90%) patients experienced
entinostat-related AEs, and 14 (47%) patients experienced nivolumab-
related AEs (Table 2). Six patients (20%) required entinostat dose
reduction (fatigue n = 3, and anorexia, neutropenia and thrombocy-
topenia one each respectively). Grade ≥3 treatment-related AE (TRAEs)
were encountered in 19 (63%) patients and were more commonly
attributed to entinostat (n = 18, 95%) than to nivolumab (n = 4, 21%).
The most common grade ≥3 AEs were decreased lymphocyte count
and anemia. No grade 5 adverse events were observed.

Entinostat reprograms tumor-associated and peripheral mye-
loid populations in PDA, promoting a T cell-permissive TME
Explorative immune TME analysis by mIHC. Embedded correlative
biospecimen analysis of serial tissue and blood was a key component
of the study to gain a deeper understanding of the effect of entinostat
on the PDA TME. Multiplexed immune histochemistry (mIHC) staining
for 23 antibodies focusedon characterizing theTMEwasperformedon
serial tumor biopsy specimens obtained at baseline (n = 26), after two
weeks of entinostat lead-in therapy at C1D1 (n = 21), and at week 6
following entinostat given with nivolumab on combination therapy
(C2D1, n = 4) to comprehensively assess the effects of therapy on the
TME (Supplementary Fig. 2).

We calculated the median population of granulocyte, macro-
phage, and monocyte abundance (cells/mm2) and found the baseline
samples of responders trended toward a greater myeloid cell density
at baseline in the total analyzed areas, although statistical significance
was not reached (Supplementary Data 1 and 2). Furthermore, to mea-
suremonocyte/macrophage phenotype, we examined a ratio of CD163
and CD68. We found decreased percentage of CD163+/CD68+ macro-
phages after two weeks of entinostat lead-in therapy (C1D1) (Supple-
mentary Fig. 3a,b and Supplementary Data 3 and 4). This trend
suggested a “skewing” toward a more favorable Th1-like phenotype.

Dendritic cells (DCs) and macrophages contribute to adaptive
immunity through antigen presentation and priming and conditioning
effector cells. Notably, upon treatment with entinostat, we observed a
trend of increased ratio of DC-LAMP+ mature DCs (with the expression
of lysosome-associated membrane protein 3, LAMP-3) to DC-LAMP-

immature DCs (Supplementary Fig. 3c and Supplementary Data 5).

CyTOF profiling of the PBMCs. Intratumoral myeloid cells are often
recruited from the periphery, indicating crosstalk between the innate
and adaptive immune response. To evaluate the systemic immunolo-
gic effects related to entinostat alone or in combination with nivolu-
mab, we conducted an exploratory analysis to assess the peripheral
immune profiles at baseline and post-treatment using high-
dimensional mass cytometry by time of flight (CyTOF) with a mye-
loid cell-oriented antibody panel (Supplementary Data 6) on cryo-
preserved PBMC samples isolated from the blood of a total of 28
patients for which baseline and post-entinostat treatment samples
were available for analysis. We examined the myeloid cellular com-
ponents, including pre-Dendritic Cell (preDC)/classic monocytes (Lin-
CD14+CD16-), which are early progenitors to mature dendritic cells,
non-classical monocytes (Lin-CD14lowCD16+), early myelocytes, plas-
macytoid dendritic cells (pDC) and classical dendritic cells (cDCs)18,19.

Table 1 | Patient characteristics

Patient Characteristic, N = 30

On Study Age (years), median 63.5 (32–79)

Gender, N (%)

Female 13 (43)

Male 17 (57)

Race, N (%)

Black, 2 (7)

White 28 (93)

Ethnicity, N (%)

Hispanic or Latino 1 (3)

Not Hispanic or Latino 27 (90)

Unknown 2 (7)

Location of Primary Tumor, N (%)

Head 15 (50)

Body/tail 1 (3)

Body 5 (16)

Tail 8 (27)

Uncinated 1 (3)

Differentiation, N (%)

Poorly differentiated 14 (47)

Moderate differentiated 11 (37)

Well-differentiated 1 (3)

Unknown 4 (13)

Stage at Diagnosis, N (%)

IB-IIB 12 (40)

III 3 (10)

IV 15 (50)

Surgical Resection, N (%)

N 19 (63)

Y 11 (37)

ECOG 0, N (%) 8 (27)

Lines of Chemo, N (%)

1 11 (37)

2 17 (57)

3 2 (7)

Metastatic site at enrollment, N (%)

Liver 26 (87)

Lung 15 (50)

Peritoneum 13 (40)

Lymph nodes 11 (37)

Other (adrenal gland, bone) 3 (10)

CA 19-9 secretors, N (%) 27 (90)
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The latterwere further classified into two functionallydistinct lineages:
CD103+ migratory cDC1 and CD11b+ cDC2 (Figs. 4a, b). We found a
statistically higher abundance of circulating preDC/classical mono-
cytes after entinostat treatment compared to baseline, while pDCs,
cDC2, and early myelocytes were decreased (Fig. 4c and Supplemen-
tary Data 7 and 8). When we examined in detail the functional phe-
notypes of these populations, we found greater expression levels of

CLEC9A in cDC1 and CD103 in cDC2 (Fig. 4d), respectively, while
Arginase-1 expression was significantly decreased in non-classical
monocytes (Fig. 4d). Significantly increased expression levels ofCD40,
CCR5, and CCR2 (Fig. 4e–g and Supplementary Data 9 and 10) in
several subtypes of monocytes, myelocytes, and DCs were also
observed after entinostat monotherapy. Collectively, the results indi-
cate increased DC maturation and antigen presentation/processing as

Fig. 2 | Clinical responses to entinostat and nivolumab. a Study schema. Tumor
biopsy (blue arrow) and blood (red arrow) collection timepoints; Baseline, C1D1
(after 2-week entinostat Run-in), C2D1 (after 6 weeks of combination therapy with
entinostat + nivolumab). b Efficacy by best overall response by RECIST 1.1, shown
are the patients that were enrolled for intention to treat (ITT) and those who
received at least one CT scan RECIST reading to assess primary endpoint (per
protocol). c The change from baseline in the target lesion diameter according to
Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1, for all evaluable
patients (n = 20 patients). d Spider plot of radiographic responses to treatment

with entinostat plus nivolumab, for all evaluable patients (n = 20 patients). Tumor
responses weremeasured at regular intervals, and the values shown are the largest
percentage change in the sum of the longest diameters from the baseline mea-
surements of each measurable tumor. Each line represents one patient.
e, f Kaplan–Meier curves of PFS (e) and OS (f). The 95% CIs for point estimates are
shown in red shading. Source data are provided as a Source Data file. DCR, disease
control rate; ITT, intention to treat; ORR, overall response rate; OS, overall survival;
PD, progressive disease; PFS, progression free survival; PR, partial response; SD, stable
disease: SLD, sum of longest diameters of the target lesions.
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a consequence of HDAC inhibition. In addition, a significant increase in
PD-L1 and PD-L2 expression in several subtypes of monocytes, mye-
locytes, and DCs was observed after entinostat exposure in the per-
iphery (Supplementary Fig. 4a,b and Supplementary Data 9)
suggesting a potential IFNy-related T cell response associated with
entinostat therapy.

Explorative analysis of plasma cytokine and chemokine profiles.
Our hypothesis that entinostat modulates the myeloid compartment
was also supported by measurements by Luminex of chemokines in
the plasma (Supplementary Data 11 and 12), which revealed down-
regulation of MCP-1 (CCL2, p =0.007), soluble sCD40L (p =0.024),
Eotaxin (CCL11, p =0.033), MDC (p =0.033) and MIP-1B (CCL4,
p =0.046) in post-entinostat samples (Fig. 5a and Supplementary
Data 13). Mounting evidence indicates that numerous effects of these
chemokines are pro-tumorigenic, favoring recruitment of Th2-like
monocytes into tumors, serving as a chemoattractant for Tregs that
inhibit T cell effector functions20,21 and switch T cell differentiation
towards Th2-like cells22–25. Consistently, we observed upregulation of
several proinflammatory cytokines, e.g., IL-15 (p = 0.016)23–25, which
have been associated with eosinophils expansion, activated myeloid
and NK cells, and T proliferation and cytotoxic actions26–28. However,
we observed some changes that did not associate with improved
immune responses29,30, e.g., lower IP-10 (also known as CXCL10,

p =0.002) and higher IL-6 (p < 0.001)26,27 (Fig. 5b and Supplementary
Data 12 and 13). These changes were reverted at week 6 following
entinostat given with nivolumab (C2D1), suggesting the importance of
combining entinostat therapy with anti-PD1 to maximize the anti-
tumor immune response.

Phenotypic and functional changes within the circulating T cell
pool following entinostat plus nivolumab
Explorative immune TME analysis by mIHC. Substantial evidence
supports the notion that TAMs subvert tumor-infiltrating T lympho-
cyte function, thus restraining the efficacy of ICIs31. We hypothesized
that reprogramming the tumor myeloid compartment through HDAC
inhibition prior to giving anti-PD-1 immunotherapy might facilitate
CD8+ T cell tumor infiltration and anti-tumor activity. Our data
revealed that the relative frequencies of major T cell subsets were
generally similar at baseline compared with after entinostat treatment
(Supplementary Fig. 5a). However, treatment with entinostat mono-
therapywas associatedwith a decreasedproliferation (Ki67+) inCD4+ T
cells and reduced proliferation in other T cell subsets from baseline in
theoverall studypopulation including adecrease inTh2, Th0, Th9, and
Th17 CD4+T cells (Supplementary Fig. 5b and Supplementary
Data 3 and 4), which are known to negatively affect the anti-tumor
response through cytokine and chemokine expression leading to
multiple mechanisms of effector T cell inhibition.

Fig. 3 | Radiologic scans and change in CA19.9 of the three responders during the course of entinostat plus nivolumab therapy. CA 19.9 (Reference range:
0.0−36.0U/mL).
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CyTOF profiling of the PBMCs. We quantified activation, prolifera-
tion, and other functional markers on CD4+ and CD8+ effector T cell
populations in the periphery by CyTOF using a lymphoid cell-oriented
panel (Fig. 6a, b). Entinostat led to a significant increase in the number
of effector memory cells (ThEM; CD62L-CD44+) and central memory
T cells (ThCM; CD62L +CD44 + ) (Figs.6c, d). Upon exposure to the
entinostat plus nivolumab combination, decreased naïve T cell sub-
types (ThN)wereobserved (Fig. 6d andSupplementaryData 14 and 15).
These phenotypic and functional changes within the circulating T cell
compartment suggest that entinostat may expand polyfunctional,
antigen-experienced, and effector memory T cell responses, which
may translate into durable responses for some patients. The popula-
tion of circulating B cells was also decreased in post-entinostat sam-
ples (Supplementary Fig. 6), while no significant differences in
intratumoral B cell infiltration were found (Supplementary Data 1–4).
We also investigated if entinostat influences the phenotype of these B
cells and observed that CD19, CCR2, CD40, aswell as CD11c expression
were increased in post-entinostat samples (Supplementary Fig. 6b and
Supplementary Data 9 and 10).

Gene expression alterations in the microenvironment
We also conducted an exploratory, post-hoc analysis to investigate
whether HDAC inhibition, with or without nivolumab, was associated
with distinct transcriptional signatures in the context of therapy. We
performed whole transcriptome RNA sequencing (RNA-seq) on serial
tumor samples at baseline (n = 23), after 2 weeks of entinostat mono-
therapy (C1D1, n = 18), and at week 6 following entinostat given with
nivolumab (C2D1, n = 4). We did not find significant transcriptional
changes at the 2-week entinostat monotherapy lead-in (Supplemen-
tary Fig. 7, Supplementary Data 16), likely due to the known delayed
effects of these epigenetic inhibitors on gene expression and the early
timing of these biopsies. However, 2 weeks was the longest time that
the study team felt patients could safely receive a priming treatment as
a lead-in that does not have anti-tumor activity as a single agent. Sig-
nificantly more transcriptional differences were noted at the 6-week
biopsy time-point with a combination of entinostat and nivolumab
therapy (Fig. 7a, b and Supplementary Data 17 and 18).

We found 383 and 346 significantly differentially expressed genes
in baseline vs C2D1 and C1D1 (after two weeks of entinostat lead-in
therapy) vs C2D1 comparisons, respectively (Fig. 7a, b and Supple-
mentaryData 17 and 18). Three hundred genes were upregulatedwhen
nivolumab was combined with entinostat at C2D1 comparing to enti-
nostat alone (C1D1, Fig. 7b and Supplementary Data 19),many of which
were immune checkpoint response as well as antigen-presenting cell
(APC)-associated genes. These include many HLA genes, CXCL9 and
CXCL10, CCR2, CCR3, CTLA4, and CD274 (PD-L1). Consistent with this
observation, combined entinostat plus nivolumab significantly upre-
gulated inflammatory response and IFN gamma and alfa inflamma-
some signaling pathways (Fig. 7c and Supplementary Data 19 and 20).
Notably, entinostat treatment alone during the lead-in phase sig-
nificantly upregulated the TGF beta pathway and downregulated the
MYC oncogene pathway (Fig. 7c and Supplementary Data 21).

Table 2 | Treatment-related adverse events in patients

Grade
1–2 N

Grade
3–4 N

Related to
Entinostat

Related to
Nivolumab

Total
N = 30
N (%)

Blood and lymphatic system disorders

Anemia 1 8 Yes No 9 (30%)

Febrile
neutropenia

0 1 Yes No 1 (3%)

Lymphocyte
count decreased

0 8 Yes No 8 (27%)

Neutrophil count
decreased

1 3 Yes No 4 (13%)

Platelet count
decreased

2 1 Yes No 3 (10%)

Gastrointestinal disorders

Colitis 0 1 No Yes 1 (3%)

Constipation 1 0 Yes No 1 (3%)

Diarrhea 3 0 Yes Yes 3 (10%)

Dry mouth 2 0 Yes No 2 (7%)

Dysgeusia 2 0 Yes Yes 2 (7%)

Early satiety 1 0 Yes No 1 (3%)

Flatulence 1 0 No Yes 1 (3%)

Gastro-
esophageal reflux

1 0 Yes No 1 (3%)

Mucositis, oral 4 0 Yes Yes 4 (13%)

Nausea 10 0 Yes No 10 (33%)

Vomiting 6 0 Yes No 6 (20%)

General disorders

Chills 2 0 Yes Yes 2 (7%)

Edema lower
extremities

4 0 Yes No 4 (13%)

Fatigue 20 0 Yes Yes 20 (67%)

Fever 3 0 No Yes 3 (10%)

Gait disturbance 1 0 No Yes 1 (3%)

Infections and infestations

Common cold 1 0 No Yes 1 (3%)

Lung infection,
pneumonia

0 1 No Yes 1 (3%)

Thrush 4 0 Yes No 4 (13%)

Liver disorders

ALT, elevated 1 0 Yes Yes 1 (3%)

AST, elevated 1 0 Yes Yes 1 (3%)

Bilirubin,
increased

1 0 Yes Yes 1 (3%)

Metabolism and nutrition disorders

Anorexia 15 0 Yes No 15 (50%)

Hypoalbuminemia 0 3 Yes No 3 (10%)

Hypokalemia 0 1 Yes No 1 (3%)

Hyponatremia 0 5 Yes No 5 (17%)

Weight loss 2 0 Yes No 2 (7%)

Musculoskeletal and Connective Tissue Disorders

Arthritis 1 1 No Yes 2 (7%)

Nervous System Disorders

Paresthesia 1 0 Yes No 1 (3%)

Renal and urinary disorder

Renal tubular
acidosis

1 0 Yes Yes 1 (3%)

Creatinine,
elevated

1 0 No Yes 1 (3%)

Table 2 (continued) | Treatment-related adverse events in
patients

Grade
1–2 N

Grade
3–4 N

Related to
Entinostat

Related to
Nivolumab

Total
N = 30
N (%)

Skin and subcutaneous tissue disorders

Pruritis 0 1 No Yes 1 (3%)

Rash 3 1 No Yes 4 (13%)
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Fig. 4 | Entinostat treatment altered abundance of myeloid populations
in PBMC. a Heatmap of the normalized expression for all markers used during
FlowSOM from baseline and post-treatment samples using a Myeloid cell-oriented
oriented CyTOF panel. N = 28 paired patient sample between baseline and C1D1,
and n = 8 paired samples between C1D1 and C2D1. Cell subtypes listed on the right
were assigned based on differential expression of the markers listed across the
bottom. B cells, cDC1- classical dendritic cell type 1, cDC2-classic dendritic cell type
2, DNT- double negative T cells (neither CD4 nor CD8 expressing T cells), early
myelocytes, Granulocytes, Non-classic monocytes, pDC-plasmacytoid dendritic
cell, pre-DC - preDendritic cells (preDC)/Classic monocytes, Tc - Cytotoxic T cells,
Th- Helper Tcells. b Bar plot of the proportion of myeloid cell populations at
baseline, after Entinostat lead-in (C1D1), and post combination (C2D1).
c Proportions of preDC/Classic monocytes (p = 0.007); early myelocytes
(p =0.001), pDC (p <0.001), and cDC2 (p <0.001) at different timepoints. Each line
corresponds to one patient. Red line corresponds to a non responder; blue line

corresponds to a responder.d Evaluationof CLEC9A (p =0.016), CD103 (p <0.001),
and Arginase (p <0.001) expression across cellular groups in the myeloid partition
at given time points. e–g, Evaluation of CD40, CCR5, and CCR2 expression across
cellular groups in the myeloid partition at given time points P-values from paired
two-sided Wilcoxon test between time points and the mean of the difference
between time points are shown. Statistically significant P value is shown as follows:
*P <0.05. For all panels: N = 28 paired patient sample between baseline and C1D1,
and n = 8 paired samples between C1D1 and C2D1. Box plots show the median and
upper and lower quartiles and whiskers extend to 1.5× the interquartile range. Box
plots show the median and upper and lower quartiles and whiskers extend to 1.5×
the interquartile range. Source data are provided as a Source Data file. IL-6, inter-
leukin 6; IP10, interferon γ-induced protein 10 kDa; MCP-1, Monocyte Chemoat-
tractant Protein-1; MDC, Macrophage-derived chemokine; MIP-1b, Macrophage
inflammatory protein-1 beta; sCD40L, soluble CD40 Ligand; NR, non responders; R,
responders.
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Discussion
Extensive prior research has shown that HDAC inhibition modulates
the tumor immune microenvironment by decreasing the number of
suppressive innate immune cells and altering their T cell suppressive
function7,32–34, resulting in complementary clinical activity with anti-
PD1 immunotherapy. This clinical trial test HDAC inhibition and
immune checkpoint inhibition in PDA patients. It provides initial evi-
dence of safety, tolerability, and clinical activity in a subset of patients,
with the combination in a subset of patients with an otherwise com-
pletely immune checkpoint-resistant cancer. Leveraging our pre-
clinical models of PDA and clinical specimens from the trial, we
addressed unanswered mechanistic questions about the effects of
HDACi on the TME.

In this study, we performed explorative analysis to compare pre-
and post-entinostat-conditioned tumor samples prior to immu-
notherapy in PDA patients. As predicted by our preclinical models, we
observed a trend towards decreased CD163+/CD68+ macrophages in
the post-entinostat biopsies, revealing a favorable reprogramming
effect on the myeloid compartment by entinostat towards a less
“immunosuppressive” phenotype of TAMs. TAMs are one of the most
abundant immune cell populations in the PDA stroma and are often
transcriptionally skewed toward Th2 deviation in the TME, which

supports several of their pro-tumoral activities, including T cell resis-
tance, metastasis, as well as chemotherapeutic and immunotherapy
resistance35,36. TAM density has also been reported as an independent
prognostic factor in PDApatients and is associatedwith a higher risk of
disease progression and shorter overall survival37.

Second, we demonstrate that entinostat treatment promotes DC
maturation within the tumor and induces CLEC9A, CD103, and CD40L
expression in peripheral myeloid cells, indicating increased DC
maturation and antigen processing, migration, and cross-presentation.
PDA is characterized by the reduced number and function ofDCs, which
negatively impacts antigen presentation and contributes to immune
tolerance38. Prior preclinical work has found that increasing the number
and maturation of cDCs restores anti-tumor T cell immunity39. Levels of
CLEC9A, a highly specific marker for mature cDC1, have correlated with
improved survival in different cancer types40, and previous reports have
shown that high densities of intratumoral LAMP+ DCs are associated
with tertiary lymphoid structures, Th1 polarization, and cytotoxic
activity41,42. Our work uncovers an effect of entinostat on DC differ-
entiation and maturation that could overcome the ‘semi- maturation”
phenotype of DC in PDA, potentiating their role in orchestrating adap-
tive immune responses at the tumor site. These findings also indicate
that combining HDAC inhibition with other immunomodulatory

Fig. 5 | Plasma concentration of circulating cytokines reveals downregulation
of chemochines associated with TAM infiltration and angiogenesis upon
entinostat exposure. a change in plasma concentration of MCP-1 (p =0.007),
sCD40L (p =0.024), Eoxtaxin (p = 0.033), MDC (p =0.033), and MIP-1b (0.046);
b change in plasma concentration of IP-10 (p =0.002) and IL-6 (p = <0.001). P-
values from paired two-sided Wilcoxon test between time points. Statistically

significant P value is shown as follows: *P <0.05. N = 20 paired patient samples
between baseline and C1D1 and and n = 4 paired samples between C1D1 and C2D1.
Source data are provided as a Source Data file. IL-6, interleukin 6; IP10, interferon γ-
induced protein 10 kDa; MCP-1, Monocyte Chemoattractant Protein-1; MDC,
Macrophage-derived chemokine; MIP-1b, Macrophage inflammatory protein-1 beta;
sCD40L, soluble CD40 Ligand; NR, non responders; R, responders.
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strategies that rely on DC function, such as cancer vaccines, could be
even more effective and is ongoing research in our group.

Peripheral markers of response are sometimes informative of
treatment-induced immune activity at the tumor site. After two single
doses of entinostat, we observed increased polyfunctionality and
central and effector memory circulating CD8+ T cells. These data
suggest that entinostat may have an indirect role in activating naïve
CD8 T cells to recognize their cognate antigen and proliferate, giving
rise to a central memory CD8 T cell population, which has been pos-
tulated to be more potent on a per-cell basis in mediating antigen
clearance compared to effector memory cells43. Therefore, the gen-
erationof centralmemoryT cells shouldbe an important immunologic
endpoint to consider in future preventative and therapeutic vaccine
trials. However,wedidnot observe a significant change in intratumoral
T cell trafficking, perhaps due to the timing of sample collection or
because these T cells proliferate in the peripheral blood or regional
lymph nodes before they infiltrate into tumor sites.

Similar to other groups44–46, we report that entinostat treatment led
to significant upregulation of PD-L1/L2 expression. This observation
further supports the need to add PD-1 inhibition to maximize the anti-
tumor effects of entinostat, although more studies are needed to
understand if early upregulation of PD1/L1 pathways could be used as a
surrogate marker to predict response in this setting. We also showed
that entinostat alone alters myeloid chemotaxis signaling with
decreased expression of many immunosuppressive and pro-
tumorigenic chemokines. Chemokines are involved in tumor-specific
effector T cell trafficking, retention, and regulation of their in situ
effector functions. We observed that chemokine changes that would be
considered more pro-tumorigenic seemed reversed at week 6 upon
nivolumab exposure, suggesting that HDACi both systemically and
intratumorally, is well partnered with combination checkpoint
inhibition.

We also observed a significant decrease in B cells in peripheral
blood upon entinostat treatment. The role of B cells in anti-tumor

Fig. 6 | Entinostat promotesdifferentiation towardmemory away fromnaive in
peripheral T cells and induces changes in functional states of immune cell
subsets. a Heatmap of the normalized expression for all markers used during
FlowSOMfrombaseline andpost-treatment samples using a lymphoid cell-oriented
CyTOF panel. Cell sub types listed on the right were assigned based on differential
expression of the markers listed across the bottom. b Bar plot of the proportion of
T cell populations at different timepoint. c,d Graphs representing proportion of
effector memory T (ThEM) cells (p =0.001) and central memory (ThCM) T cells

(p =0.03) comparing baseline vs. post entinostat; e Graphs representing propor-
tion of naïve T cell subtypes (TcN) cells comparing baseline vs. post entinostat
(p =0.02). P-values from paired two-sided Wilcoxon test between time points.
Statistically significant P value is shown as follows: *P <0.05. For all panels: N = 28
paired patient samples between baseline and C1D1, and n = 8 paired samples
between C1D1 and C2D1. Box plots show themedian and upper and lower quartiles
and whiskers extend to 1.5× the interquartile range. See abbreviations of clusters
are in the Source data table 7. Source data are provided as a Source Data file.
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immune responses remains relatively unclear and certainly deserves
further attention. Recent seminal studies showed that intratumoral
B-cells and associated tertiary lymphoid structures correlate with
responses to checkpoint blockade immunotherapy and are prognostic
for overall survival of cancer patients 47,48. Other studies have investi-
gated the correlation between circulating B cells and clinical response
to anti-PD1 immunotherapy and showed a correlation between
decreased B cells in the periphery and clinical response to
immunotherapy49,50. These data support that B-cells represent a het-
erogenous population whose function spans antigen-presenting cells,
regulatory cells,memorypopulations, and antibody-producingplasma
cells51,52. Further characterization of B cell subpopulation and in-depth
mechanistic effects will be crucial to understanding if and how enti-
nostat impacts specific subsets of B cells andhow this could impact the
adaptive immune system response.

RNA-seq analysis demonstrated enhanced effects of combined
entinostat plus nivolumab on a transcriptome-wide scale. Key mole-
cular correlates include 1) upregulation of inflammasome-associated
genes such as IFN gamma, and cytokines such asCCXL9 andCXCL10; 2)
modulation of checkpoint molecules; 3) upregulation of APC-
associated MHCII antigen presentation genes and CLEC9A and
CLEC7A 4) diminished tumor cell proliferation with associated down-
regulation of the c-MYC oncogene pathway. Collectively, these results
reveal a myriad of transcriptional effects of the combinatorial therapy
to stimulate immune signaling and to have potential direct effects on
DC and APC function and indirect effects on T cells.

This study does have limitations. We noticed that many patients
had progression of disease in the first month, when their drug expo-
sure was predominantly entinostat. This is an important disease-based
feature of PDA that needs to be kept inmindwhen lead-ins of drugs are

Fig. 7 | RNA-seq analysis of differentially expressedgenesbetweenbaseline and
on treatment samples in this study cohort of PDA. a,b Volcano plots indicating
differentially expressed genes in the analysis of paired samples. The paired differ-
ential expression analysis was performed using the DESeq2 package (v1.32.0)
comparing Baseline vs C2D1 samples (a) and C1D1 vs C2D1 samples (b) (n = 4 paired
patient samples). Log10-transformed FDR-adjusted p-values are on the y-axis and
log2-transfomed fold change between time points is on the x-axis. Genes with the
absolute log2-fold changes greater than 0.5 are shown in green, genes with a FDR-

adjusted p-value were below 0.05 are shown in blue, and genes that meet both
thresholds are in red. c Plot of significantly differentially expressed HALLMARK
pathways (FDR-adjusted p-values < 0.05) for pair-wise comparisons between time
points. Gene set statistics were run with fgsea using MSigDb63 v7.4.1. Negative NES
scores (blue) indicate pathways that are downregulated, while positive NES score
(red) indicates pathwayupregulation inC1D1 orC2D1. Sourcedata are provided as a
Source Data file. NES, normalized enrichment score.
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utilized that are not expected to have single agent efficacy. Accord-
ingly, we noted an ORR of 11% vs the desired 15%, though our ORR was
17.6% in the 17 patients that at least reached cycle 2. One of our
responders had a TMB of 13mut/Mb. As PDA with high TMB is rare,
undertaking comparative effectiveness studies in this population is
challenging. While a higher TMB shows promise as a predictive bio-
marker for patient selection in ICI treatment, multiple analyzes have
not substantiated the hypothesis that a single TMB threshold can
reliably identify patients across various cancer types who may benefit
from ICI. Specifically, high TMB (defined as greater than 10 mut/mb)
does not seem to correlate with an enhanced response rate or a
response rate exceeding 20% in certain cancer types, such as PDA,
which lack a clear association between neoantigen load and CD8 T-cell
infiltration53–56.

Second, the single-arm design of the current study limits the
ability to definitively attribute clinical efficacy to the combination, but
neither epigenetic agents nor anti-PD1 immunotherapy have pre-
viously demonstrated clinical responses in PDA3. Third, we did not
observe significant changes in bulk RNA expression after the two
weeks of entinostat single agent. We acknowledge that these agents
maywork better as sensitizers and that their dosage and biopsy timing
must be wisely timed to capture their biological effects. Given the
aggressiveness of the disease treated, we chose a short window for
entinostat monotherapy lead-in in our trial to avoid delay of the
combinatorial therapy. Fourth, the sample size of the correlative ana-
lyzes was limited by the 6-week biopsy being added at a time point
during the latter 1/3 of the recruitment period. Finally, due to the
limited sample size, we did not have enough homogeneity to evaluate
treatment effects in responders vs. non-responders (and limited tissue
in responders). Finally, one limitation of our analysis pertains to the
absence of neighborhood-level examination. The scope of our study
did not encompass an in-depth investigation into neighborhood
dynamics,which could have provided valuable insights into contextual
factors influencing ourfindings. The rapidly expanding knowledge and
application of spatial single-cell tumor analysis will also help future
analyzes of the T cell–DC-macrophages interaction, which needs to be
harnessed forbetter invigoration of anti-tumor immune responses and
possible therapeutic interventions.

We have ongoing studies to further investigate this time course in
our preclinical models and to validate the effects of entinostat cap-
tured at additional time points using single-cell methods. The window
of opportunity studies and studies in earlier stage disease could miti-
gate this problem. In addition, due to the nature of bulk-RNA
sequencing and the variation in sample composition, we note the
need for future work on the deconvolution of the gene expression
profiles based on these identified cell proportions. Furthermore,
patient-sourced, in vitro organoid system will be utilized and whole
exome sequencing and bulk RNA sequencing are undergoing to
investigate the hypothesis that HDAC inhibition can alter the neoan-
tigen landscape, promoting the expression of cancer neoantigens and
expanding neoantigen-specific responses by the host immune system.

In summary, this clinical trial tested the combination ofHDAC and
immune checkpoint inhibition in PDA patients. It provided initial evi-
dence of the combination’s safety, and while negative, it displayed a
meaningful partial and durable objective response in a heavily pre-
treated subset of patients. These data are consistent with data repor-
ted by other groups that HDAC inhibitors have a role in combination
with anti-PD1 therapy to increase benefit in both primary and sec-
ondary immune-resistant cancers. We validated previous preclinical
data that HDAC inhibition favorably modulates the PDA TME, creating
a less immunosuppressivemilieu, including altering TAMpopulations,
favoring Th1-like phenotypes, fomenting maturation of DCs, and
increasing activation and proliferation of memory T cells in the per-
iphery. These changes in the TME are concomitant with observations
of myeloid activation and expansion systemically. This study creates a

roadmap for this strategy and future areas of exploration include
additional mechanistic studies that will lead to combinatorial
approaches, both preclinically and clinically, to expand the subset of
patients that could benefit from an HDAC inhibitor-based immuno-
modulatory strategy.

Methods
Ethics and compliance
All procedures were conducted in accordance with the Declaration of
Helsinki and the International Conference on Harmonization Guide-
lines forGoodClinical Practice. Theprotocol and all amendmentswere
reviewed by the scientific review committee and institutional review
board at the Johns Hopkins Sidney Kimmel Cancer Center. All patients
provided written informed consent before enrollment.

Trial registration
This trial is registered under the name ‘A Clinical Trial of Entinostat in
Combination with Nivolumab for Patients with Previously Treated
Unresectable or Metastatic Cholangiocarcinoma and Pancreatic Ade-
nocarcinoma’ (registration no. NCT03250273r https://clinicaltrials.
gov/study/NCT03250273?term=J1798&rank=1). Trial pre-registration:
8/14/2017. Study Start: 11/06/2017. No deviations since we were
registered prior to initiation of the trial.

Patient selection
Eligibility criteria included: patients at least 18 years old; histologically
or cytologically confirmed pancreatic adenocarcinoma after progres-
sing on one or two lines of therapy; ECOG PS ≤ 1; life expectancy
greater than 12 weeks; adequate hematologic function (absolute neu-
trophil count ≥1500 cells per μl; white blood count ≥3000 cells per μl;
platelets, ≥100,000 per μl; hemoglobin, ≥9 g l); adequate renal func-
tion (serum creatinine within the institutional upper limit of normal or
creatinine clearance ≥60mlmin); adequate hepatic function (serum
total bilirubin ≤1.5× the upper limit of normal, AST and ALT≤ 3× the
upper limit of normal or ≤5× the upper limit of normal in patients with
liver metastases); participants were also required to have measurable
disease and accessible non-bone tumor lesions for serial core biopsies

Exclusion criteria include participants who had received che-
motherapy, radiotherapy, or surgery study 3 weeks of protocol treat-
ment or (2 weeks for target therapy) and thosewho had not recovered
(grade ≤1 or at baseline) from AEs due to agents administered more
than 3 weeks earlier, except for alopecia. Participants who had pre-
viously received epigenetic therapy (i/e other HDAC inhibitors) or
prior anti-PD-1, anti-PD-L1, anti-PD-L2, anti-CTLA4 antibodies or any
other antibody or drug specifically targeting T cell costimulation or
immune checkpoint pathways. Participants currently receiving any
other investigational agents; those with known or suspected auto-
immune diseases other than vitiligo, type 1 diabetes mellitus, residual
hypothyroidism due to an autoimmune condition only requiring hor-
mone replacement, psoriasis not requiring systemic treatment, or
conditions not expected to recur in the absence of an external trigger
condition. Participants requiring systemic treatment with either cor-
ticosteroid (the daily equivalent of >10mg prednisone) or other
immunosuppressive medications within 14 d of study drug adminis-
tration).Participants with a known history of active TB, HBV, HCV, or
HIV; uncontrolled intercurrent illness or psychiatric illness or social
situations that would limit compliance with study requirements;
pregnant or breastfeeding; known additional malignancy that is pro-
gressing or requires active treatment (except for non-melanotic skin
cancer or carcinoma-in-situ of any type). Participants with a known
history of or any evidence of symptomatic interstitial lung disease or
any findings that may interfere with the detection or management of
suspected drug-related pulmonary toxicity. Participants with an active
infection requiring systemic therapy; received a live vaccine within
30 days of the planned start of study therapy; history of allergy to
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study drug components; history of severe hypersensitivity reaction to
any monoclonal antibody; uncontrolled brain metastases (patients
treated with radiation ≥4 weeks prior with follow-up imaging showing
control were eligible). Patients requiring concurrent administration of
valproic acid; patients with evidence of clinical or radiographic ascites;
participants who have had evidence of active or acute diverticulitis,
intra-abdominal abscess, or GI obstruction and those with any con-
traindication to oral agents or significant nausea and vomiting,
malabsorption, or significant small bowel resection that would pre-
clude adequate absorption.

The trial protocol is provided in the Supplementary Note

Study design and treatment
This was an open-label, single-arm, phase 2 clinical trial conducted at
the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins,
Baltimore, Maryland. Patients were enrolled between November 6,
2017 and November 5, 2020. Patients receive entinostat 5mg orally
once a week. After a fourteen-day lead-in with entinostat mono-
therapy, patients begin to concurrently receive entinostat 5mg orally
once a week plus nivolumab 240mg every two weeks. Nivolumab was
administered first as a 30-min i.v. infusion. After 4months, therapywas
continued with entinostat 5mg weekly plus nivolumab at a dose of
480mg, fixed dose every 4 weeks (maintenance phase) until disease
progression (defined according to Response Evaluation Criteria in
Solid Tumors (RECIST), version 1.157, unacceptable toxicity or with-
drawal. Dose interruptions and management of immunologic toxi-
cities were in accordance with the protocol. Safety was continuously
monitored for unacceptable toxicities. unacceptable toxicity or with-
drawal. Dose interruptions and management of immunologic toxi-
cities were in accordance with the protocol. Safety was continuously
monitored for unacceptable toxicities.

Correlative science
All patients underwent fresh tumor biopsy (subsequent passes flash
frozen, formalin-fixed paraffin-embedded, and preserved in RNAlater)
and had research blood drawn at baseline, after two weeks of entino-
stat lead-in therapy (C1D1), and on week 6 following entinostat given
with nivolumab combination therapy (C2D1). An optional biopsy was
performed at the time of disease progression.

Assessments
Participants were seen every 2 weeks for clinical assessments, includ-
ing a physical examination for vital signs, performance status (PS),
hematology, and biochemistry tests on or within 72 hours before day 1
and day 15 for the first 4 months. During the maintenance phase,
patients were seen monthly.

Participants were evaluated for radiographic response every
8 weeks for the first 6 months and then every 12 weeks subsequently.
Scans could also be obtained every 12 weeks at the clinician’s request.

Patients were followed for survival until death, withdrawal of
consent for follow-up, or up to 2 years. All AEs were monitored from
registration until 30 days after treatment and were graded according
to the National Cancer Institute Common Terminology Criteria for
Adverse Events, version 4.03. SAEs that occurred within 100 days of
the last treatment or before initiation of a new antineoplastic treat-
ment were also followed and recorded.

Following disease progression, patient follow-up took place within
28 days from the last dose ( ± 7 days), with subsequent follow-up (by
phone or email) every three months ( ± 2 weeks) for up to 2 years or
study closure to monitor overall survival. Information on other cancer
therapies after discontinuation from the study treatment was collected.

Study endpoints
The primary trial endpoint was the objective response rate (ORR)
assessed by RECIST 1.1. Secondary endpoints include safety,

progression-free survival (PFS), and overall survival (OS). Exploratory
objectives included biomarker and immunological analysis of serial
tumor biopsies and peripheral blood samples.

Overall response rate and survival analyzes. A Simon’s two-stage,
minimax design was used to test the null hypothesis that the true ORR
is 5% or less (not considered clinically compelling for this combina-
tion). In thefirst stage, 13 subjects accrued. If therewere no responders
among the first 13 subjects, the study was terminated for futility.
Otherwise, 14 additional subjectswere accrued to target 27 treated and
response evaluable subjects. The null hypothesis was rejected if 4 or
more responses were observed in 27 subjects. The probability of
stopping the trial early for futility was 51% if the true ORR was 5% or
less. This design yielded 80% power at a one-sided type I error rate of
5% when the true response rate was 20%58. An exact binomial test was
used to evaluate the primary question of whether the response rate for
combination therapy exceeds the historical rate (5%) for the single
agent. Response rates were reported with exact confidence intervals.
Themedian time to eventwas calculated and reportedwith confidence
intervals. PFS was defined as the time until the earlier date of either PD
or death orwas otherwise censored at the date of the last follow-up.OS
was defined as time to death from any cause or otherwise censored at
the date of the last follow-up for patients still alive at the time of
analysis. OS curves, OSmedians with 95% CIs, and OS rates at 6, 12, 24,
and 36 months with 95% CIs were estimated using the Kaplan–Meier
methodology. PFS curves, PFS medians with 95% CIs, and PFS rates at
6, 12, and 24 months with 95% CIs were estimated using Kaplan–Meier
methodology. Duration of response (DOR) was calculated for subjects
who achieved the best overall response of CR or PR with entinostat in
combination with nivolumab. For such subjects, the duration of
response was defined as the number of weeks from the start date of PR
or CR (whichever response was recorded first) and subsequently
confirmed to the first date that recurrent or progressive disease or
death was documented. DOR was summarized descriptively.

The primary analysis was based on the intention to treat (ITT)
population, while the per-protocol analysis was defined in patients
who received at least one restaging scan

CyTOF data acquisition and analysis
All staining procedures were carried out as previously described59.
Commercially available and custom-conjugated antibodies were
cocktailed into panels as detailed in Supplementary Data 22–24.
Samples were first live-dead stained using palladium (Sigma) for
5minutes at RT and immediately quenched with media. For multi-
plexing, 10 samples were barcoded using CD45 antibodies tagged
with 5 different isotopically enriched metals based on a 5-choose-3
scheme, 10min at RT. Upon batching, Fc receptors were blocked
(Invitrogen). Samples were then stained with antibody cocktails at
their indicated dilutions using two panels of markers: one is myeloid
cell oriented and the other is lymphoid cell oriented (Supplementary
Data 22–24). Chemokine receptors were first stained at 37 °C for
10min, then all other surface markers at RT for an additional 20min,
and finally followed by intracellular markers after a Cytofix/Cyto-
perm Kit (BD Biosciences) step as per the manufacturer’s protocol.
Completely stained cells were fixed with 1.6% paraformaldehyde
(ThermoFisher) in PBS and stored for up to 1 week at 4 °C. All cells
were then stained with rhodium Cell-ID (Fluidigm) prior to acquisi-
tion. All data were acquired using Helios™ at the Sidney Kimmel
Comprehensive Cancer Center in Baltimore, Maryland. For pre-
processing of CyTOF data, randomization, bead-based normal-
ization, and bead removal of data were performed in CyTOF software
(Fluidigm®) v6.7 followed by gating of cell events (rhodium vs. cell
length signal) that are viable (106 Pd vs. 108 Pd) in FlowJo (BD Bios-
ciences) v10.5. Individual samples were debarcoded by hierarchal
gating (three positive and two negative CD45 axes) and exported as
separate FCS files for analysis. For all CyTOF analyzes, a
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computational pipeline based on diffcyt2 was employed using R. For
unsupervised clustering, the FlowSOM3 algorithm was used to
identify meta-clusters that were then annotated and merged into
final cell subtypes based on published literature. To compare the cell
proportions and protein expression distributions in different clus-
ters between time points, we used pairwise two-sided paired
Wilcoxon test.

mIHC
Multiplex IHC (mIHC) is a validated sequential staining technique
coupled with a robust computational workflow culminating with
image cytometry focused on auditing immune contexture in FFPE
tissue specimens60(Supplementary Fig. 2a). This approach is an effi-
cient way to analyze small biopsy specimens. The antibody panel
employed for this study has been previously published and includes 23
antibodies in addition to hematoxylin nuclear staining for single-cell
segmentation. Hierarchical image cytometry gating allows for the
logical combination ofmarkers for the identification of 10 cell lineages
including neoplastic epithelium, CD4+ and CD8 +T cells, CD20+B
cells, macrophages, monocytes, DCs, and granulocytes. In addition, 7
markers are included for the identification of cellular states, for
example, Ki67+ (proliferative), Granzyme B+ (cytotoxic), and immune
regulatory (PD-1, PD-L1) (Supplementary Fig. 2b).

RNA-seq
Patients underwent biopsy at baseline (n = 25), at C1D1 (after two
weeks of entinostat lead-in therapy, n = 21), and at C2D1 (at week 6
following entinostat givenwith nivolumab, n = 4). A total of 5 samples
were removed from analysis due to insufficient amount of the
available RNA ( < 50 ng total) required for RNA-seq (2 baseline and 3
C1D1 samples) (Supplementary Data 25). Each cryovial containing a
single core biopsy sample in RNAlaterTM was placed in the refrig-
erator (4 °C) for ≥16–24 h after the biopsy procedure. After ≥16–24 h,
the RNAlaterTM vials were stored at −70 °C or below for storage. For
RNA sequencing experiments, RNA libraries were generated using
the TruSeq Stranded Total RNA Library kit according to manu-
facturer instructions (Illumina; San Diego, CA). Quality and quantity
of the resulting cDNA were monitored using the Bioanalyzer High
Sensitivity kit (Agilent). mRNA libraries were sequenced on an Illu-
mina Novaseq 6000 instrument using 150 bp paired-end dual
indexed reads and 1% of PhiX control on an S4 flowcell. Depth of
coverage was targeted to a total of 50 million reads per library.
Illumina’s CASAVA (v1.8.4) with default parameters was used to
generate FASTQ files with reads. Then the reads were trimmed with
trimgalore (v0.6.3) with default parameters and aligned to human
genome (hg38) and quantified with the rsem algorithm (v1.3.0)61. The
RSEM expected counts were used for gene level expression. We
evaluated sequencing quality from the distribution of expected
counts as visualized in a boxplot of log counts. We observed no
samples with zero median expression, reflective of a low read count,
so all samples had good quality. We used principal component ana-
lysis (PCA) of the variance stabilization transform (vst) RNA-seq data
to evaluate sample clustering. For differential expression analysis, we
completed a paired analysis between time points using the DESeq2
package (v1.32.0)62, including the patient as a covariate in our model,
along with our comparison of interest. Estimated fold changes are
shrunk with ashr using lfcShrink63 to account for the variation in the
samples in this dataset. Genes were statistically significant if the
absolute log2-fold changes after shrinkage were greater than 0.5 and
the FDR-adjusted p-value was below 0.05 (Supplementary
Data 16–18). Gene set statistics were run with fgsea using MSigDb63

v7.4.1 pathways annotated in the HALLMARK databases. Gene sets
were considered significantly enriched for FDR-adjusted p-values
below 0.05 (Supplementary Data 19–21), and the results were visua-
lized with ggplot264.

Cytokines analysis
The concentrations of cytokines and chemokines were assessed by the
Sidney Kimmel Comprehensive Cancer Center (SKCCC) Immune
Monitoring Core using Luminex bead-based immunoassays. The Bio-
plex 200 platform (Biorad, Hercules CA) was used to determine the
concentration of multiple target proteins in serum/plasma specimens
following Immune Monitoring Core SOPs, and concentrations were
determined using 5 parameter log curve fits (using Bioplex Manager
6.0)with vendor-provided standards and quality controls. TheHCYTA-
60K-PX48 panel (Millipore) was used to detect (sCD40L, EGF, Eotaxin,
FGF2, FLT-3L, Fractalkine, GCSF, GMCSF, GROα, IFNα2, IFNγ, IL-1α, IL-
1β, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p40), IL-
12(p70), IL-13, IL-15, IL-17A, IL-17E/IL-25, IL-17F, IL-18, IL-22, IL-27, IP-10,
MCP-1, MCP-3, MCSF, MDC, MIG/CXCL9, MIP-1α, MIP-1β, PDGF-AA,
PDGF-AB/BB, RANTES, TGFα, TNFα, TNFβ, VEGF-A) in the serum/
plasma specimens (Supplementary Data 11).

Statistical considerations
Multiple test adjustment is not considered due to small sample size
and the exploratory nature of the analyzes. Unadjusted p-values are
reported to all analyzes except for RNA-seq. Statistical tests with p-
value less than 0.05 are considered significant. All statistical analyzes
were performed in R version v4.0.2

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw RNA sequencing data are available under restricted access in
dbGaP repository under accession code phs003615.v1.p1 [https://
www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=
phs003615.v1.p1]. The RSEM expected gene counts are publicly avail-
able in GEO database under accession code GSE248014. The CyTOF
data are publicly available in Zenodo under [https://doi.org/10.5281/
zenodo.12802613]. The study protocol is available in the Supplemen-
tary Information file. The authors declare that theminimal data set and
source data for clinical data for this study cannot be shared publicly
due to ethical and legal restrictions on sharing de-identified data that
aligns with the consent of research participants. Current JHU com-
pliance policies require data with no direct consent for public open
access sharing be under restricted access. We provide access through
dbGAP, an established repository for clinical data that provides open
access without a fee restricted to approved researchers under a Data
Use Agreement. JHU compliance policy for dbGAP requires additional
anonymization of certain demographics, including the use of age
ranges and limiters to outlier values forweight, height, and certain rare
diseases, while retaining sufficient value for reference and validation of
results. Researchers can request more detailed data from the corre-
sponding author shared through an approved collaboration arrange-
ment. The remaining data are available within the Article,
Supplementary Information or Source Data files. Source data are
provided with this paper.

Code availability
The code associated with this manuscript is available on Zenodo:
https://zenodo.org/doi/10.5281/zenodo.12795850. The mIHC analysis
protocol and code are available on protocols.io: https://doi.org/10.
17504/protocols.io.n92ldmmznl5b/v2.
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