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Abstract

Purpose: The immunomodulatory activity of DNA

hypomethylating agents (DHAs) suggests they may

improve the effectiveness of cancer immunotherapies. The

phase Ib NIBIT-M4 trial tested this hypothesis using

the next-generation DHA guadecitabine combined with

ipilimumab.

Patients and Methods: Patients with unresectable stage

III/IV melanoma received escalating doses of guadecitabine

30, 45, or 60 mg/m2/day subcutaneously on days 1 to 5

every 3 weeks, and ipilimumab 3 mg/kg intravenously on

day 1 every 3 weeks, starting 1 week after guadecitabine, for

four cycles. Primary endpoints were safety, tolerability, and

MTD of treatment; secondary were immune-related (ir)

disease control rate (DCR) and objective response rate

(ORR); and exploratory were changes in methylome, tran-

scriptome, and immune contextures in sequential tumor

biopsies, and pharmacokinetics.

Results: Nineteen patients were treated; 84% had grade

3/4 adverse events, and neither dose-limiting toxicities per

protocol nor overlapping toxicities were observed. Ir-DCR

and ir-ORR were 42% and 26%, respectively. Median CpG

site methylation of tumor samples (n¼ 8) at week 4 (74.5%)

and week 12 (75.5%) was significantly (P < 0.05) lower than

at baseline (80.3%), with a median of 2,454 (week 4) and

4,131 (week 12) differentially expressed genes. Among the

136 pathways significantly (P < 0.05; Z score >2 or  2)

modulated by treatment, the most frequently activated

were immune-related. Tumor immune contexture analysis

(n ¼ 11) demonstrated upregulation of HLA class I on

melanoma cells, an increase in CD8þ, PD-1þ T cells and in

CD20þ B cells in posttreatment tumor cores.

Conclusions: Treatment of guadecitabine combined with

ipilimumab is safe and tolerable in advancedmelanoma and

has promising immunomodulatory and antitumor activity.

Introduction

Epigenetic events occurring during cancer development and

progression can impair tumor immunogenicity and functional

host's T-cell recognition of neoplastic cells, significantly contrib-

uting to tumor cell evasion by immune surveillance (1).However,

the reversible nature of epigenetic features suggests that epigenetic

drugs could be efficiently utilized to potentiate tumor immune

recognition. Providing experimental support for this theory,

epigenetic immune remodeling of cancer cells by DNA hypo-

methylating agents (DHAs) was found to improve their immu-

nogenicity and immune recognition via upregulation or induc-

tion of molecules of the antigen processing and presentation

machinery (1). Among these, a crucial role was identified for HLA

class I and accessory/costimulatory molecules, tumor-associated

antigens, transporter associated with antigen processing 1/2, and

chaperone molecules (2). These phenotypic changes induced or

upregulated antigen-specific T-cell recognition of neoplastic
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cells (3–5). More recently, DHAs have also been shown to

contribute to the activation of cellular immunity by modulating

Thelper1-type (Th1)chemokines (6)and IFN-relatedgenes (7,8).

In addition, theDHAdecitabinewas also found to enhance CD8þ

T-cell activation and proliferation, and to improve the cytolytic

activity of human IFN gammaþ T cells, which correlated with

improved antitumor responses and survival of patients with solid

tumors (9). Of note, decitabine was also demonstrated to revert

exhaustion-associated de novo methylation programs of CD8 T

cells, enhancing their ability to expand in the course of antipro-

grammed cell death protein 1 (PD-1) therapy (10). Altogether,

these findings supported the use of DHA as suitable agents to

improve the clinical effectiveness of cancer immunotherapies (1).

Among clinically available immunotherapeutic agents, the

anticytotoxic T-lymphocyte–associated protein 4 (CTLA-4) mAb

ipilimumab first provided evidence of therapeutic effectiveness in

patients with metastatic melanoma (11); despite the limited

number of objective responses observed across a spectrum of

doses and schedules in treatment-na€�ve and pretreated popula-

tions, about 20% of patients had long-term survival (12). Recent-

ly, improved overall survival (OS) as compared with ipilimumab

has been reported in metastatic melanoma using targeting of

PD-1 (13). CTLA-4 and PD-1molecules operate at different stages

of T-cell activation: CTLA-4 on na€�ve T cells typically in the lymph

nodes, PD-1 on antigen-experienced T cells, primarily in periph-

eral tissues (14). Blockade of bothmolecules favors the expansion

of tumor-infiltrating CD8 T cells; however, at variance with PD-1

blockade, CTLA-4 targeting induces a robust CD4 effector T-cell

response via the expansionof an ICOSþTh1-likeCD4 subset, thus

sustaining long-term antitumor immune responses (14, 15).

Despite the higher clinical efficacy of anti–PD-1 monotherapy

in metastatic melanoma (13, 16), these findings highlight the

unique functional role of the CTLA-4 molecule and support its

further clinical exploration. In addition, poor clinical outcome of

anti–CTLA-4-treated (but not anti–PD-1-treated) patients with

metastatic melanoma was recently found to be associated with

downregulation or loss of HLA class I molecules expression by

melanoma cells (17).

This comprehensive scenario led us to hypothesize that prim-

ing the tumor with DHAs might complement the specific func-

tional role of CTLA-4 molecule and improve the therapeutic

efficacy of CTLA-4 blockade in patients with metastatic melano-

ma. Providing preclinical evidence for this theory, the DHA

decitabine (18) or guadecitabine (19) combined with CTLA-4

blockade significantly reduced tumor growth of poorly immu-

nogenic syngeneic grafts compared with single-agent therapy.

Here, we report the safety and biological and clinical activity

of a novel DHA-based immunocombination strategy explored

in the NIBIT-M4 clinical trial, a phase Ib, dose-escalation study

of guadecitabine, combined with ipilimumab in patients with

metastatic melanoma. The next-generation DHA guadecitabine

was chosen for its higher resistance to degradation by cytidine

deaminase, resulting in an in vivo prolonged activity (20), com-

pared with its active metabolite decitabine.

Patients and Methods

Study design and participants

The ItalianNetwork for Tumor Biotherapy (NIBIT) Foundation

undertook the NIBIT-M4 phase Ib, dose-escalation, single-center

study between October 2015 and August 2018 at the Center for

Immuno-Oncology of Siena, Italy. The study design is shown

in Fig. 1. Adult patients with unresectable stage III or IV cutaneous

melanoma, measurable lesions by CT or MRI per WHO criteria

that were amenable to biopsy, life expectancy�16 weeks, Eastern

Cooperative Oncology Group performance status �1, and who

had received no more than one line of therapy for advanced

disease were eligible for inclusion. Patients were excluded if they

had received prior ipilimumab, or if they had primary ocular

melanoma, autoimmune disease, or symptomatic brain disease

requiring immediate local intervention. The study was conducted

in accordance with the ethical principles of the Declaration of

Helsinki and the International Conference on Harmonization of

Good Clinical Practice. The protocol was approved by the inde-

pendent ethics committee of the University Hospital of Siena

(Siena, Italy). All participating patients (or their legal representa-

tives) provided signed-informed consent before enrolment. The

trial was registered with European Union Drug Regulating

Authorities ClinicalTrials EudraCT, number 2015-001329-17,

and with ClinicalTrials.gov, number NCT02608437.

Clinical procedures

The study followed a traditional 3 þ 3 design. The first cohort

received guadecitabine 30 mg/m2/day subcutaneously on days 1

to 5 every 3 weeks (q3w) starting on week 0 for a total of four

cycles (weeks 0, 3, 6, and 9), and ipilimumab 3 mg/kg intrave-

nously over 90minutes starting on day 1 of week 1 q3w for a total

of four cycles (weeks 1, 4, 7, and 10). The dose-limiting toxicity

(DLT) observation period was defined as the first 3 weeks of

treatment, that is, fromday 1 to day 21 of cycle 1. In the absence of

DLTs, the dose of guadecitabine was escalated per protocol to

45 mg/m2/day; as no DLTs were observed at this dose level in the

initial six patients enrolled, the study protocol was amended in

order to allow a further escalation of guadecitabine to 60mg/m2/

day. If one DLT occurred in the first three patients of any cohort,

an additional three patients were enrolled at the same dose level.

If two or more DLTs were encountered in a single cohort, the

previous lower dose level was evaluated. DLT was defined as any

of the following events occurring during the first treatment cycle

Translational Relevance

Preclinical studies identified a broad immunomodulatory

activity of DNA hypomethylating agents (DHAs) in neoplastic

cells from solid and hemopoietic malignancies, suggesting

their promising role to improve the clinical effectiveness of

cancer immunotherapies. This notion, and the unique func-

tional role of cytotoxic T-lymphocyte–associated protein 4

molecule in T-cell activation and expansion, prompted us to

explore the clinical relevance of the next-generation DHA

guadecitabine combined with ipilimumab. In the proof-of-

principle, phase Ib, NIBIT-M4 trial, patients with metastatic

melanoma received escalating doses of guadecitabine com-

bined with standard ipilimumab administration. Treatment

was feasible, safe, and tolerable, had promising tumor immu-

nomodulatory activity, and showed evidence of clinical activ-

ity in melanoma. The initial findings of the NIBIT-M4 trial

suggest that DHA-based immunocombination strategies are

worth to be further explored in the clinic to improve the

efficacy of cancer immunotherapy.
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and clearly related to study treatment: grade 4 neutropenia; febrile

neutropenia grade �3; platelet count <25,000/L or thrombocyto-

penic bleeding; alanine aminotransferase or aspartate aminotrans-

ferase grade �3 for 7 days; any grade 3 or 4 nonhematologic

toxicity (excluding alopecia, nonpremedicated nausea and vomit-

ing); grade 3 or 4 clinically significant nausea, vomiting, or

diarrhea in the presence of maximal supportive care; or interrup-

tion of treatment >2 weeks due to toxicity. Patients in whom

toxicity failed to resolve to grade �2 after 14 days off treatment

were removed from the study. TheMTDwas defined as the highest

guadecitabine dose level in combination with ipilimumab at

which no more than one of six patients experienced a DLT. Once

the MTD was established, additional patients were treated at

that dose up to a total of 19 patients overall. A Safety Monitoring

Committee established for the trial monitored safety and review-

ed all reported adverse event (AE) and serious AEs on an ongoing

basis throughout the trial. Safety was continuously evaluated

according to theNational Cancer Institute CommonTerminology

Criteria for Adverse Events, version 4.0. Safety assessments includ-

ed medical review of AE reports and clinical assessment of vital

signs, physical examinations, and clinical laboratory tests.

Radiological (MRI or CT scans of brain, bone, chest, abdomen,

pelvis, and other soft tissue, as applicable) and photographic

(skin lesion) tumor assessments were performed at baseline, at

weeks 12, 18, and 24, and then every 12 weeks for all nonpro-

gressing subjects. At each evaluation, investigators assessed the

objective response rate [ORR; complete response (CR), partial

response (PR), stable disease (SD), or progression disease (PD)]

as categorized by immune-related (ir) response criteria (21).

Unless the patient was rapidly deteriorating, PD was confirmed

by two scans at least 4 weeks apart. The pharmacokinetic profiles

of guadecitabine and active metabolite decitabine were charac-

terizedbyanalysisofK2EDTA-treatedplasmabyvalidated(22,23)

liquid chromatography-mass spectrometry/mass spectrometry,

using tetrahydrouridine for stabilization and with linear assay

ranges of 1 to 200 ng/mL for guadecitabine and 0.5 to 100 ng/mL

for decitabine. Plasma samples were collected on day 1 of the

first guadecitabine cycle. Samples were collected before dosing

and at 15, 30, 60, and 90 minutes, and 2, 4, 6, and 8 hours after

the dose.

Clinical endpoints

Theprimary endpointwas theMTDand safety of guadecitabine

combined with ipilimumab. Secondary ir endpoints included

ir-disease control rate (DCR; confirmed ir-CR, -PR, or -SD), ir-ORR

(ir-CR or -PR), time to response, duration of response, and

progression-free survival (PFS; time between first dose and pro-

gression of existing lesions or the occurrence of new lesions); OS

was also assessed. Exploratory endpoints included the pharma-

cokinetic profile of guadecitabine and decitabine at cycle 1 day 1,

patient-wise genome-wide DNA methylation and RNA sequenc-

ing, and analysis of the tumor immune contexture using neo-

plastic samples obtained by surgical removal or fine-needle

biopsy at baseline, week 4, and week 12.

Withdrew 

consent 

n = 1 

Ineligible

n = 1

Treated

n = 19

Enrolled

n = 21
Ipilimumab 3 mg/kg +

guadecitabine 60 mg/m2/day

n = 10

Ipilimumab 3 mg/kg +

guadecitabine 30 mg/m2/day

n = 3

Ipilimumab 3 mg/kg +

guadecitabine 45 mg/m2/day

n = 6

Primary 
- Safety 
- Tolerability 
- MTD

Secondary 

- Disease control rate 
- Overall response rate 
- Time to response 
- Duration of response 
- PFS
- OS

Exploratory 

- Patient-wise genome-wide DNA methylation 
- Patient wise RNA sequencing
- Analysis of the tumor immune contexture

- Pharmacokinetic profile

Screening Dose escala�on Endpoints

Transcriptome
RNA

Methylome
DNA

Immune contexture 
FFPE

Week 0 Week 3 Week 6 Week 9 Week 12

Week 1 Week 4 Week 7 Week 10

Guadecitabine

Days 1–5

Ipilimumab

Day 1

Tumor biopsy Tumor biopsy Tumor biopsy

Time

Baseline

TA TA

Figure 1.

NIBIT-M4 study design. Patients with unresectable stage III or IV cutaneous melanoma received four cycles of guadecitabine (days 1–5 every 21 days) and four

cycles of ipilimumab (day 1 every 21 days). Tumor was assessed (TA) at baseline, at week 12, week 18, and week 24, and every 12 weeks thereafter. Tumor biopsies

were taken at baseline, week 4, and week 12.

Epigenetic Immunocombination in Patients with Advanced Melanoma
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Isolation of total DNA

A maximum amount of 25 mg of frozen tissue was placed in

1.5-mL microcentrifuge tubes containing 600 mL of Buffer RTL

Plus and homogenized using the TissueLyser (Qiagen) for 1.5

minutes at 28 Hz. The position of TissueLyser set adapter was

inverted to give uniform disruption and homogenization of the

sample. Sample disruption was carried out at 4�C after storing the

adapter set at -80�C for at least 2 hours. Genomic DNA was

extracted using the QIAamp DNAMini Kit (Qiagen) according to

themanufacturer's protocol.DNA concentration andqualitywere

determined using the NanoDrop ND-1000 UV-Vis Spectropho-

tometer (NanoDrop Technologies, Thermo Fisher Scientific).

Library preparation and sequencing

For reduced representation bisulfite sequencing (RRBS), 100ng

of genomicDNAwere digested for 6 hours at 65�Cwith 20UTaqI

(NewEngland Biolabs) and for 6 hours at 37�Cwith 20UofMspI

(NewEngland Biolabs) in 30mL of 1xNEBbuffer 2. To retain even

the smallest fragments and to minimize loss of material, end

preparation and adaptor ligation were performed in a single-tube

setup. End fill-in and A-tailing were performed by addition of

Klenow Fragment 30 & gt; 50 exo- (New England Biolabs); and

dNTPmix (10mmol/L dATP, 1mmol/L dCTP, 1mmol/L dGTP).

After ligation tomethylated Illumina TruSeq LT v2 adaptors using

T4DNA Ligase rapid (Enzymatics), the libraries were size selected

by performing a 0.75x clean-up with AMPure XP beads (Beckman

Coulter). The libraries were pooled based on qPCR data and

subjected to bisulfite conversion using the EZ DNA Methylation

Direct Kit (Zymo Research) with changes to the manufacturer's

protocol: conversion reagent was used at 0.9x concentration,

incubation performed for 20 cycles of 1 minutes at 95�C and

10minutes at 60�C, and thedesulphonation timewas extended to

30minutes. These changes increase the number of CpG dinucleo-

tides covered, by reducing double-strand break formation in

larger library fragments. Bisulfite-converted libraries were

enriched using APA HiFi HS Uracilþ RM (Roche). The minimum

number of enrichment cycles was estimated based on a qPCR

experiment. After a 1x AMPure XP clean-up, library concentra-

tions were quantified with the Qubit Fluorometric Quantitation

system (Life Technologies), and the size distribution was assessed

using the Bioanalyzer High Sensitivity DNA Kit (Agilent).

Reduced representation sequencing libraries were sequenced on

Illumina HiSeq 3000/4000 instruments in 50-base-pair-single-

endmode; base calls provided by the Illumina Real-Time Analysis

software were subsequently converted into BAM format

(Illumina2bam) before demultiplexing (BamIndexDecoder)

into individual, sample-specific BAMfiles via Illumina2bam tools

(1.17.3 https://github.com/wtsi-npg/illumina2bam), as previ-

ously described (24).

RRBS data processing

Read sequences were trimmed using Trimmomatic (https://

github.com/timflutre/trimmomatic) with the following settings:

ILLUMINACLIP:RRBS_adapters.fa:2:40:7 SLIDINGWINDOW:4:15

MAXINFO:20:0.50 MINLEN:18. Reads were aligned to the

GRCh38 assembly of the human genome, using BSMAP

(https://www.ncbi.nlm.nih.gov/pubmed/19635165) in its RRBS

mapping mode. To avoid bias in the global methylation rates

arising from differences in the sequencing depth, RRBS data were

downsampled to 10 million reads in each sample. DNA methyl-

ation levels for individual CpGs were calculated using custom

Python scripts. Bisulfite conversion efficiency was estimated by

aligning unmapped reads to the spike-in genome for methylated

or unmethylated control sequences. CpGs located in repetitive

regions according to the UCSC RepeatMasker track were excluded

from further analysis.

DNA methylation analyses

To analyze the global methylation states, methylKit (25) and

custom R scripts were used. Raw methylation level data on CpG

sites werefiltered such that only sites with a read coverage >10 and

having a coverage not higher than the 99.9 percentile of all sites

were retained. Furthermore, onlyCpG sites thatwere present in all

samples (baseline, week 4, week 12) of an individual patient and

had a reliable measurement methylation level were used for

further analyses. To statistically test themethylation levels at each

CpG site,we calculated P values as previously described (26). Sites

with a probability of P < 0.05 that their real methylation level lies

outside a 0.1 error interval were considered reliable. Global

methylation levels were calculated as mean and median methyl-

ation level of all retained CpG sites and plotted as density (beta-

binomial distribution) and box plots using ggplot2 (27). A

Wilcoxon signed-rank test with continuity correction was used

to calculate P values for comparingmethylation level distribution

at different time points.

Isolation of total RNA and sequencing

Total RNA was extracted by TRIzol Reagent (Thermo Fisher

Scientific). Frozen tissue was placed in 2-mL microcentrifuge

tubes containing 1-mL TRIzol reagent and homogenized using

the TissueLyser (Qiagen) for 1.5 minutes at 28 Hz, as for DNA

isolation. Total RNA extraction was done as previously

described (28). Quantity and quality of RNA extracted were

assessed by NanoDrop ND-1000 UV-Vis Spectrophotometer

(NanoDrop Technologies, Thermo Fisher Scientific) and by Agi-

lent 2100 Bioanalyzer (Agilent Technologies) using the expert

eukaryote Total RNA kit (Agilent).

Library preparation and sequencing

The amount of total RNA was quantified using the Qubit

Fluorometric Quantitation system (Life Technologies), and the

RNA integrity number was determined using the Experion

Automated Electrophoresis System (Bio-Rad). RNA sequencing

libraries were prepared with the TruSeq Stranded mRNA LT

sample preparation Kit (Illumina) using both Sciclone and

Zephyr liquid handling robotics (PerkinElmer). Library con-

centrations were quantified with the Qubit Fluorometric Quan-

titation system (Life Technologies), and the size distribution

was assessed using the Experion Automated Electrophoresis

System (Bio-Rad). For sequencing, samples were diluted and

pooled into NGS libraries in equimolar amounts, as previously

described (29).

Sequencing and raw data processing

Expression profiling libraries were sequenced on Illumina

HiSeq 3000/4000 instruments in 75-base-pair-paired-end mode,

and base calls provided by the Illumina Real-Time Analysis

software were subsequently converted into BAM format

(Illumina2bam) before demultiplexing (BamIndexDecoder)

into individual, sample-specific BAMfiles via Illumina2bam tools

(1.17.3 https://github.com/wtsi-npg/illumina2bam), as previ-

ously described (29).
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RNA-seq data analysis

BAM files were converted to FASTQ files with "bam2fastx."

FASTQ files were preprocessed with Trimmomatic (30) to remove

adapter sequences, trim read endswith a Phred quality lower than

20, and discard reads shorter than 36 bp. The preprocessed reads

were mapped to the GRCh38 human genome with the STAR

aligner (31) using the default parameter settings. Gene counts

were computedwith htseq-count (32) considering readsmapping

to all exons of a gene ("-t exon" and "-i gene_name" options) on

the correct strand ("-s reverse" option). EdgeR (33) was used to

identify differentially expressed genes (DEG) at week 4 and week

12 compared with baseline for each single patient, after removal

of genes with less than five counts across all libraries and nor-

malization with the trimmed-mean of M-values approach (34).

Genes with an FDR-corrected P value <0.05 and an absolute log2
fold change greater than 1 were selected as differentially

expressed. EdgeR was also used to test DEG in responding versus

nonresponding patients at baseline, week 4, andweek 12. For this

analysis, count data from technical replicates (i.e., different

sequencing runs of the same sample) were summed, filtered for

genes with less than five counts across all samples, subjected to

trimmed-mean of M-values normalization, and tested for differ-

ential gene expression with EdgeR. For each time point, all genes

with uncorrected P values < 0.05 were selected for ingenuity

pathway analysis (IPA) Knowledge Base analysis, performed

considering the uncorrected P values and log2 fold change com-

puted with EdgeR. Log2 fold changes were used to assess signif-

icant activation or inhibition Z-scores for each process. A negative

log P value was also assigned to the pathways based on a Fisher

exact test of the probability of the number of genes included in the

given pathways, and by the probability that the association

between the query genes and the canonical pathway was due to

chance alone. Modulation, activation, and inhibition scores of

canonical pathways were calculated counting the number of

tumor samples for which a specific pathway was modulated

(P value < 0.05 and Z-score � 2 or Z-score � �2), activated

(P value < 0.05 and Z-score� 2), or inhibited (P value < 0.05 and

Z-score��2), at week 4 or week 12 compared with baseline. The

percentages of activation or inhibition were calculated as the ratio

between the activation or inhibition, respectively, and the mod-

ulation score.

IHC analysis

Serial 3-mm formalin-fixed paraffin-embedded tissue sections

were stained using an AutostainerPlus (Dako). Antigen retrieval

and deparaffinization were carried out on a PT-Link (Dako) using

the EnVision FLEX Target Retrieval Solutions (Dako). Endoge-

nous peroxidase and nonspecific stainingwere blockedwithH202
3% (Gifrer, 10603051) and Protein Block (Dako, X0909), respec-

tively. The primary antibodies used were: anti-CD8 clone

C8/144B and anti-CD20 clone L26 (Dako), anti–PD-1 clone

EH33 (CoStim), and anti-HLA class I clone EMR8-5 (Abcam);

the secondary antibody was an horseradish peroxidase–labeled

anti-mouse Ig (Dako). Peroxidase activity was detected using

3-amino-9-ethylcarbazole substrate (Vector Laboratories,

SK-4200). All stained slides were digitalized with a NanoZoomer

scanner (Hamamatsu). The density (cells/mm2) of CD8þ and

PD-1þ T cells, and of CD20þ B cells, in the tumor core was

digitally quantified with Calopix software (Tribvn), and the

percentage of tumor cells expressing HLA class I was quantified

with Halo software (Indica Labs).

Statistical analysis

The safety analysis population included all patients who

received at least one dose of drug. All safety parameters were

summarized and presented in tables based on this population.

With the aim of excluding a combinationwith an activity in terms

of ir-DCR lower than 15%, a total of 19 patients will be consid-

ered; if no ir-DCR are observed, the study will be terminated as

negative because there is a probability lower than 5% (P¼ 0.046)

of observing no ir-DCR in 19 patients if the true ir-DCR is 15%

or higher. For ir-DCR and ir-ORR, two-sided 95% confidence

intervals (CIs) were calculated using the exact method based on

binomial distribution. Descriptive statistics were used for ir time

to response and patient demographics and characteristics. Statis-

tical analyses were performed using Statistical Package for the

Social Sciences software, version 21.0.

To select and comparemethylatedCpG sites, severalfilterswere

imposed on the raw methylation data. First, sites were required

to have a minimum coverage of over 10 reads and a coverage not

higher than the 99.9 percentile of all sites. Secondly, CpG were

required to be present in all samples (baseline, week 4, week 12)

from an individual patient. Last, the CpG sites were required to

have a probability of P < 0.05 that their real methylation level lay

outside an error interval of 0.1. Each patient was analyzed

separately, and the significant difference between global methyl-

ation level distributions was assessed by a Wilcoxon signed-rank

test with continuity correction. Significance in median methyla-

tion level (all matching significant sites in an individual patient)

between different time points was also assessed by Wilcoxon

signed-rank test. Differential gene expression at week 4 and week

12with respect to the baseline in individual patientswas tested on

RNA sequencing data with EdgeR (33), using a cutoff of 0.05 on

FDR-corrected P values and 1 on absolute log2 fold changes.

EdgeR was also used to identify DEG between responder and

nonresponder patients selected imposing a significance threshold

of 0.05 on FDR-corrected P values. Significant differences between

IHC data across related samples were obtained by Friedman test

or by Mann–Whitney test when IHC data were integrated with

patient's response.

Results

Patient characteristics and treatment exposure

Twenty-one patients with metastatic melanoma were enrolled,

one patient was ineligible, and another withdrew the consent to

the study (Fig. 1). Nineteen patients were treated with different

dose levels of guadecitabine combinedwith ipilimumabandwere

evaluable for safety and efficacy (data cutoff January 30, 2019). In

detail, guadecitabine was administered at 30 mg/m2/day in the

first three patients (cohort 1), at 45 mg/m2/day in the following

six patients (cohort 2), and, following a protocol amendment (see

Clinical Procedures), at 60 mg/m2/day in the last 10 patients

(cohort 3). Baseline characteristics are shown in Table 1. Eighteen

patients (95%)were treatment-na€�ve at study entry, and one (5%)

had received one line of therapy for locally advanced disease.

Two patients (13%) had unresectable stage III, 11 (58%) had

stage M1a, one (5%) had stage M1b, and five (26%) had stage

M1c metastatic melanoma. Seventeen (89%) patients completed

all four cycles of guadecitabine followed by ipilimumab, one died

during treatment due to disease progression, and one discontin-

ued after two cycles of therapy due to the development of sympto-

matic brain metastases requiring steroids and radiotherapy.
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Safety

All 19 (100%) patients had AEs of any grade, which were grade

3 or 4 in 16 (84%) patients (Table 2). Treatment-related AEs of

any grade were observed in 18 (95%) patients, and grade 3 or 4

events in 15 (79%) patients (Table 2). The most common treat-

ment-related AEs of any grade were myelotoxicity in 17 (89%)

patients, and ir-AEs in 12 (63%) patients. Myelotoxicity events

were grade 3 or 4 in 79% of cases (Table 2) and were more

frequent in patients treated with guadecitabine 60 mg/m2/day

(Table 3); no febrile neutropenia was observed. All ir-AEs were

grade 1 or 2 and were most commonly skin or gastrointestinal

toxicities (Table 2). No DLTs were observed at any investigated

dose of guadecitabine. Treatment-related AEs and ir-AEs were

generallymanageable and reversible as per protocolmanagement

guidelines. One (14%) patient with grade 2 ir-colitis required

steroid treatment; grade 3 or 4 myelotoxicity was treated with

growth factors and prophylactic antibiotics. Median time to

resolution of treatment-related grade 2–4 AEs and of ir grade

1–2 AEs was 7 days (range, 1–45 days) and 7 days (range,

4–9 days), respectively.

Table 1. Patient cohorts, demographics, and baseline characteristics

Cohort 1 Guadecitabine

30 mg (n ¼ 3)
a

Cohort 2 Guadecitabine

45 mg (n ¼ 6)

Cohort 3 Guadecitabine

60 mg (n ¼ 10)

All patients

(n ¼ 19)

Age (y) 59 (27–82)b 59 (43–86) 56 (49–78) 58 (27–86)

Gender

Male 2 (67%)c 6 (100%) 9 (90%) 16 (84%)

Female 1 (33%) 0 1 (10%) 3 (16%)

ECOG performance status

0 2 (67%) 5 (83%) 9 (90%) 16 (84%)

1 1 (33%) 1 (17%) 1 (10%) 3 (16%)

M Stage at study entry

M0 (unresectable stage III) 0 2 (33%) 0 2 (11%)

M1a 2 (67%) 3 (50%) 6 (60%) 11 (58%)

M1b 0 0 1 (10%) 1 (5%)

M1c 1 (33%) 1 (17%) 3 (30%) 5 (26%)

LDH

�ULN 3 (100%) 5 (83%) 8 (80%) 16 (84%)

�ULN 0 1 (17%) 2 (20%) 3 (16%)

BRAF status

Mutant 2 (67%) 2 (33%) 1 (10%) 5 (26%)

WT 0 4 (67%) 9 (90%) 13 (69%)

Unknown 1 (33%) 0 0 1 (5%)

Prior lines of metastatic therapy

0 3 (100%) 5 (83%) 10 (100%) 18 (95%)

1 0 1 (17%) 0 1 (5%)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase; ULN, upper limit of normal.
aNumber of treated patients per cohort.
bMedian (range).
c
n (%).

Table 2. Summary of AEs

Cohort 1 Guadecitabine

30 mg (n ¼ 3)
a

Cohort 2 Guadecitabine

45 mg (n ¼ 6)

Cohort 3 Guadecitabine

60 mg (n ¼ 10) All patients (n ¼ 19)

Event Any grade Grade 3–4 Any Grade Grade 3–4 Any Grade Grade 3–4 Any Grade Grade 3–4

Any AEb 3 (100%)c 1 (33%) 6 (100%) 6 (100%) 10 (100%) 9 (90%) 19 (100%) 16 (84%)

Any treatment-related AE 2 (67%) 1 (33%) 6 (100%) 6 (100%) 10 (100%) 8 (80%) 18 (95%) 15 (79%)

Fatigue/asthenia 0 0 1 (17%) 0 3 (30%) 0 4 (21%) 0

Nausea/vomiting 2 (67%) 0 1 (17%) 0 1 (10%) 0 4 (21%) 0

Pain 0 0 3 (50%) 0 4 (40%) 0 7 (37%) 0

Myelotoxicity 1 (33%) 1 (33%) 6 (100%) 6 (100%) 10 (100%) 8 (80%) 17 (89%) 15 (79%)

Neutropenia 1 (33%) 1 (33%) 6 (100%) 6 (100%) 10 (100%) 8 (80%) 17 (89%) 15 (79%)

Leukopenia 1 (33%) 0 2 (33%) 1 (17%) 9 (90%) 3 (30%) 12 (63%) 4 (21%)

Thrombocytopenia 0 0 1 (17%) 0 2 (20%) 0 3 (16%) 0

Lymphocytopenia 1 (33%) 0 1 (17%) 1 (17%) 4 (40%) 0 6 (32%) 1 (5%)

Any immune-related AE 1 (33%) 0 5 (83%) 0 6 (60%) 0 12 (63%) 0

Skin and mucosal 1 (33%) 0 5 (83%) 0 6 (60%) 0 12 (63%) 0

Rash 0 0 4 (67%) 0 4 (40%) 0 8 (42%) 0

Pruritus 0 0 4 (67%) 0 4 (40%) 0 8 (42%) 0

Erythema 1 (33%) 0 2 (33%) 0 2 (20%) 0 5 (26%) 0

Injection site reaction 1 (33%) 0 0 0 0 0 1 (5%) 0

Gastrointestinal (diarrhea or colitis) 0 0 2 (33%) 0 2 (20%) 0 4 (21%) 0

Serum amylase increase 0 0 0 0 1 (10%) 0 1 (5%) 0
aNumber of treated patients per cohort.
bAEs were graded using the NCI Common Terminology Criteria for Adverse Events (version 4.0).
c
n (%).
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Clinical activity and pharmacokinetics

The ir-ORR was 5/19 (26%; 95% CI, 10.1–51.4) among them

two confirmed CR and three confirmed PR, and ir-DCR was 8/19

(42%; 95% CI, 21.1–66.0); median time to response was 12 weeks

andmedian duration of response was 25.4months (95% CI, 10.4–

40.4). At a median follow-up of 26.3 months, median PFS was

5.6 months (95% CI, 4.5–6.6) and median OS was 26.2 months

(95% CI, 3.5–48.9); 1- and 2-year OS rates were 80% (95% CI,

59.2–100.0) and 56% (95% CI, 29.0–83.0), respectively.

Guadecitabine underwent efficient conversion to its active

metabolite decitabine as seen by analysis of plasma exposure

(data not shown); decitabine exposure as measured by AUC

increased in a dose-dependent manner (Supplementary

Table S1).

Immunobiological activity

To explore the immunobiological activity of guadecitabine

combinedwith ipilimumab, serial tumor biopsies from the initial

eight and 11 patients treated were analyzed for methylation and

gene expression profiles, and for tumor immune contexture,

respectively. The investigated tumor biopsies were derived from

skin lesions, and from metastatic lymph nodes for patient 7 at

week 4 andweek 12. RRBSof CpG sites demonstrated a significant

reduction in global methylation in investigated tumor samples at

week 4 (median, 74.5%; range, 68.4–88.2; P¼ 0.03) and week 12

(median, 75.0%; range, 69.2–84.2; P ¼ 0.01), compared with

baseline (median, 80.3%; range, 72.7–87.8; Fig. 2; Supplemen-

tary Table S2). Patient-wise differential expression analysis of

RNA sequencing data resulted in a median of 2,454 (range,

1,179–12,250) and of 4,131 (range, 2,083–12,016) DEGs at

week 4 and week 12, respectively, compared with baseline (Sup-

plementary Table S3). Medians of 49.4% (range, 17.4%–58.7%)

and 53.9% (range, 41.3%–62.7%) of DEG were upregulated at

week 4 and week 12, respectively (Supplementary Table S3). Of

the 136 canonical pathways that were significantly modulated

according to IPA (P<0.05 andZ-score�2or Z-score��2) atweek

4orweek 12 comparedwith baseline in at least 1 patient, themost

frequently activated (Z-score �2) were ir pathways (Supplemen-

tary Table S4). Specifically, iCOS-iCOSL signaling in T-helper

cells, PKCq signaling in T lymphocytes, role of NFAT in regulation

of the immune response, Th1, calcium-induced T-lymphocyte

apoptosis, and IFN signaling pathways were activated in at least

five investigated tumor samples, with frequency of activation

ranging from 56% to 71% (Supplementary Table S4).

Supervised differential expression analysis between responding

and nonresponding patients identified 3,104, 3,920, and 3,796

DEGat baseline,week4, andweek12, respectively, themajority of

whichwere upregulated in responders (data not shown). Th1 and

Th2, dendritic cell maturation, calcium-induced T-lymphocyte

apoptosis, iCOS-iCOSL signaling in T-helper cell, neuroinflam-

mation signaling, cAMP-mediated signaling, and role of NFAT

in regulation of the immune response pathwayswere significantly

(P < 0.05) activated (Z-score�2) at baseline in responders

versus nonresponders (Supplementary Fig. S1; Supplementary

Table S5). The absolute number of DEG belonging to these

pathways increased with treatment and peaked at week 12

(Supplementary Fig. S1); furthermore, additional ir pathways

(e.g., acute phase response, B-cell receptor, NF-kB, and IL2 sig-

naling) were activated in responders versus nonresponders at

week 4 and/or week 12 (Supplementary Fig. S1; Supplementary

Table S5).

IHC analysis of tumors from the first 11 patients treated

demonstrated upregulated expression of HLA class I–positive

melanoma cells in nine of 11 (81.8%) patients at week 4 and/or

week 12 (Supplementary Table S6). In eight evaluable patients,

significant correlations (Fig. 3A and B) were found between

the expression of HLA class I molecules by IHC (Fig. 3A) and

RNA sequencing expression of HLA-A, -B, and -C (Friedman test

P < 1e-05) and B2M (Friedman test P < 1e-05) genes (Fig. 3B).

Representative results of IHC staining for HLA class I in tumor

samples from patients 2 and 3 (Supplementary Table S6) are

shown in Fig. 3C. An upregulated expression of HLA class II

loci (i.e., DPA1, DPB1, DQA1, DQA2, DQB1, DRA, DRB1)

was identified by RNA-seq in tumor biopsies from seven of eight

(87.5%) patients at week 4 and/or week 12 (data not shown).

CD8þ T-cell density in the tumor core was higher at week 12

(median, 586.9/mm2; range, 107.5–1257.3) than at baseline

(median, 262.7/mm2; range, 9.1–1460.0; Fig. 4A; Supplementary

Table S7), and was also higher in responding compared with

nonresponding patients at all time points investigated (Fig. 4C).

Similar results were observed for PD-1þ T cells (Fig. 4B and D;

Supplementary Table S7) and for CD20þ B cells (Supplementary

Fig. S2; Supplementary Table S7). Figure 4E and F shows

representative results of the IHC staining for CD8þ and PD-1þ,

respectively, in tumor samples from patients 2 and 11.

Discussion

In this phase Ib study, treatment of patients with metastatic

melanoma with guadecitabine combined to the standard

ipilimumab regimen was safe and tolerable, and had promising

tumor immunomodulatory and clinical activities, worth to be

explored further. The starting dose of 30 mg/m2/day of gua-

decitabine, though being only the 33% of the MTD for single-

agent treatment in patients with myeloid malignancies (35),

was selected because it was planned to be administered for the

first time on a 21-day/cycle compared with its conventional

administration on a 28-day/cycle (35), and we wanted to be

cautious about potential side effects with this new schedule

of administration and its association with ipilimumab. In

Table 3. Frequency of myelotoxicity

Cohort 1 Guadecitabine

30 mg (n ¼ 3)
a

Cohort 2 Guadecitabine

45 mg (n ¼ 6)

Cohort 3 Guadecitabine

60 mg (n ¼ 10)

Event Any grade Grade 3–4 Any grade Grade 3–4 Any grade Grade 3–4

Myelotoxicity 2b 1 21 9 92 33

Neutropenia 1 1 18 8 58 24

Leukopenia 1 0 2 1 32 9

Thrombocytopenia 0 0 1 0 2 0

Lymphocytopenia 6 0 4 2 12 0
aNumber of treated patients per cohort.
bNumber of times that AEs were observed.
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addition, preliminary information we had available at the

study protocol was drafted, suggested for a lower MTD of

guadecitabine in solid tumors as compared with myeloid

malignancies. For these reasons, the initial study protocol

foresaw a single escalation to 45 mg/m2/day in case no DLTs

were observed at 30 mg/m2/day. As we did not observe DLTs

also in the initial six patients treated at 45 mg/m2/day, the

study was formally amended allowing a further escalation at

60 mg/m2/day of guadecitabine, in which all the remaining

patients were enrolled. No maintenance therapy with guade-

citabine and/or ipilimumab was planned in the NIBIT-M4

study. The decision not to have maintenance with ipilimumab

was due to the willingness to use it according to its standard-of-

care administration in patients with melanoma. On the other

hand, maintenance with guadecitabine was excluded because

no information was available on its potential long-term toxicity
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Figure 2.

Global DNAmethylation analysis of

tumor samples. DNA extracted from

tumors of the first eight patients was

used to measure global methylation by

RRBS. Analyses were done in baseline

(pink), week 4 (green), and week 12

(blue) lesions of a patient, and only CpG

sites with a minimum coverage of single

site >10 and P value of the methylation

level <0.05 were considered. Data are

represented as patient-wise density

plots (with corresponding mean values,

dotted colored lines) and boxplot (with

corresponding median values, solid

black lines).
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Figure 3.

HLA class I expression in tumor samples. Heat-map representing HLA class I proteins (A) and the relative expression of HLA-A, HLA-B, and HLA-C, and of B2M

genes (B) at baseline (bas), week 4 (4), and week 12 (12). Correlation between IHC (A) and RNA sequencing gene expression levels (log-scale, B) were assessed

by Friedman test. The heat-map was computed from Z-scores of gene expression and IHC values. Chromogenic IHC with antibody targeting HLA class I in tumors

from representative patients at different time points (skin metastases) during treatment (C).
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Modulation of tumor immune contexture. The density of CD8þ (A) and of PD-1þ (B) T cells was investigated by IHC in tumor cores of melanoma sections at

baseline, week 4, and week 12 and analyzed by Friedman test. CD8þ (C) and PD-1þ (D) T-cell densities were correlated with clinical outcome (red boxplot¼

patients with progressive disease; green boxplot¼ patients with disease control) by Mann–Whitney test. Quantification of scanned slides was performed using

Calopix software (Tribvn). Chromogenic IHC with antibody targeting CD8þ (E) and PD-1þ (F) cells in tumor cores from representative patients at different time

points (skin metastases) during treatment.
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in patients with solid tumors at the time the study was

activated. Nevertheless, based on the comprehensive results of

the NIBIT-M4 study, it cannot be excluded that maintenance

with guadecitabine and/or ipilimumab is worth to be explored

in further studies.

Treatment was safely administered to patients at all doses of

guadecitabine investigated, without DLT. Grade 3 or 4 myelo-

toxicity, the most commonly observed AE, was more frequent at

the highest dose level of guadecitabine (60 mg/m2/day).

Although this dose was less well tolerated, its toxicity was man-

ageable and reversible, and all patients received the full course of

treatment. Guadecitabine 60 mg/m2/day for 5 days in a 28-day

cycle is the established dosing regimen in myeloid malignancies,

and it is interesting that the same dose/day was tolerated in

this previously unexplored 21-day cycle, which was chosen to

enable treatment of guadecitabine combined with the approved

3-weekly schedule of ipilimumab. A lower rate of known irAEs

was observed in treated patients; whether guadecitabine may

account for such observation and its potential mechanism(s) of

action remain to be investigated. No AEs other than those typ-

ically reported with guadecitabine (35) or ipilimumab (11)

monotherapy were observed, including no unexpected or poten-

tially additive toxicities, thus supporting the feasibility of the

explored therapeutic sequence at all doses of guadecitabine

investigated. In contrast, severe myelosuppression was reported

in several other studies of guadecitabine in solid tumors (36–38),

leading to lower MTDs of 30–45 mg/m2/day. In the ovary and

colorectal studies (37, 38), coadministration of guadecitabine

with myelosuppressive chemotherapy undoubtedly affected

overall tolerability, suggesting additive toxicity, unlike our

results using the combination of guadecitabine and checkpoint

blockade.

Of note, exposure to decitabine generated from guadecitabine,

as assessedbyAUCinf, was lower inour study than that observed in

ovarian cancer (38) and hepatocellular carcinoma (36), but was

comparablewith exposure previously reported formyeloidmalig-

nancies (35) and colorectal cancer (37).

The clinical efficacy of treatment is clearly beyond the scope of

this phase Ib trial; the observed ir-ORR (26%) and the ir-DCR

(42%)may be influenced by the high number of stage III or stage

M1a subjects enrolled, due to the necessity to grant serial tumor

biopsies to be available and in sufficient amount, to perform the

translational studies required to understand the modifications at

tumor level induced by therapy at different time points. Further

studies are thus required to explore the clinical activity of the

therapeutic combination investigated in this study.

Genome-scale analysis of DNA methylation of tumor samples

demonstrated a broad demethylating effect of guadecitabine at

both week 4 and week 12 compared with pretreatment levels.

Consistent with results previously reported in hematologicmalig-

nancies (35), the demethylating activity was somewhat hetero-

geneous between investigated samples. RNA sequencing data

analysis revealed that ir pathways were preferentially activated

by treatment; frequent activation of pathways linked to T-cell

function/activation suggested intratumoral enhancement of the

T-cell compartment. Although the relative contributions of

guadecitabine and ipilimumab to thisfinding cannot be unequiv-

ocally dissected, CTLA-4 blockade probably plays an active

role due to its effect on T-cell function. On the other hand,

upregulation of HLA class I molecules observed on melanoma

cells in the majority of investigated tumor samples corroborates

their established upregulation previously reported in vitro (28)

and in syngeneic mouse models (18) with various DHAs, includ-

ing guadecitabine (8, 19).

Controversial results have been recently reported on the func-

tional role ofHLA class Imolecules expressed by tumor cells in the

course of immune checkpoints blockade in melanoma. In one

study, cell surface loss of HLA class I due to a B2M gene mutation

was suggested to generate resistance to treatment with the anti–

PD-1 pembrolizumab (39), whereas in another study, partial or

complete loss of HLA class I molecules expression by neoplastic

cells was not predictive of resistance to the anti–PD-1 nivolu-

mab (17). These findings demonstrate that additional studies are

required to fully understand the functional role of HLA class I

molecules expression on neoplastic cells in the course of PD-1

blockade. Opposite to their debated role in the course of PD-1

therapy,more univocal evidence seems to be available concerning

the functional relevance of HLA class I molecules in the course of

CTLA-4 blockade therapy. Indeed, multiple molecular mechan-

isms, which can be also independent from B2M gene alterations,

have been reported to drive loss or downregulation of HLA class I

molecules expression on melanoma cells (40), generating a

reduced effectiveness of therapy with ipilimumab (40, 41). In

this scenario, the upregulation of HLA class I molecules expres-

sion on melanoma cells induced by treatment in our NIBIT-M4

study seems to suggest that combined treatment with guadecita-

bine and ipilimumab may contribute to improve the clinical

efficacy of CTLA-4 blockade.

We also found that the IFN gamma signaling pathway was

among those most frequently activated by treatment. This is of

interest given the involvement of IFN gamma in host–tumor

interactions (42) and also because loss of IFN gamma signaling

in tumor cells may be a mechanism of tumor resistance to

therapeutic CTLA-4 blockade (43).

An increase in CD8þ T-cell infiltration in tumor samples has

been reported in patients treated with anti–CTLA-4, though no

correlation with the clinical outcome was found (44, 45). In our

study, the analysis of tumor contextures showed an increase in

median values ofCD8þ, PD-1þT-cell densities atweek 12, but not

at week 4, compared with baseline specimens, suggesting that

longer exposure to guadecitabine and ipilimumab may be

required to generate high levels of tumor-infiltrating CD8þ T

cells. Of note, median values of CD8þ and PD-1þ T-cell densities

were higher in responding compared with nonresponding

patients at both week 4 and week 12, as well as in baseline tumor

specimens. Taken together, these findings suggest that treatment

with guadecitabine and ipilimumab can shift tumor T-cell distri-

bution in themajority of patients, although ahigher initial level of

tumor T-cell infiltrationmayhelp therapy to achievemore rapidly

an effective antitumor activity. Further supporting differential

modulation of the tumor environment by treatment, supervised

analysis demonstrated higher B-cell densities and activation of

canonical pathways in responding compared with nonrespond-

ing patients.

To the best of our knowledge, this study provides the first

evidence in patients with cancer of the immunologic activity of

guadecitabine followed by ipilimumab, which seems more pro-

nounced in patients achieving disease control. Although the

limited number of patients precludes any conclusive statement

on the potential of the combination, results of the NIBIT-M4 trial

support the working hypothesis of this study, suggesting that a

DHA-based immunocombination strategy is worth pursuing in
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further clinical studies aimed at improving the efficacy of immune

checkpoint inhibitors.
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42. Castro F, Cardoso AP, Gonçalves RM, Serre K, Oliveira MJ. Interferon-

gamma at the crossroads of tumor immune surveillance or evasion.

Front Immunol 2018;9:847.

43. Gao J, Shi LZ, Zhao H, Chen J, Xiong L, He Q, et al. Loss of IFN-g pathway

genes in tumor cells as a mechanism of resistance to anti-CTLA-4 therapy.

Cell 2016;167:397–404.

44. Huang RR, Jalil J, Economou JS, Chmielowski B, Koya RC, Mok S, et al.

CTLA4 blockade induces frequent tumor infiltration by activated lympho-

cytes regardless of clinical responses in humans. Clin Cancer Res 2011;17:

4101–9.

45. SharmaA, Subudhi SK, Blando J, Scutti J, Vence L,Wargo J, et al. Anti-CTLA-

4 immunotherapy does not deplete FOXP3þ regulatory T cells (Tregs) in

human cancers. Clin Cancer Res 2019;25:1233–8.

Clin Cancer Res; 25(24) December 15, 2019 Clinical Cancer Research7362

Di Giacomo et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/2

4
/7

3
5
1
/2

0
5
5
0
3
0
/7

3
5
1
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2

https://www.federalregister.gov/documents/2013/09/13/2013--22309/draft-guidance-for-industry-on-bioanalytical-method-validation-availability
https://www.federalregister.gov/documents/2013/09/13/2013--22309/draft-guidance-for-industry-on-bioanalytical-method-validation-availability
https://www.federalregister.gov/documents/2013/09/13/2013--22309/draft-guidance-for-industry-on-bioanalytical-method-validation-availability
https://www.federalregister.gov/documents/2013/09/13/2013--22309/draft-guidance-for-industry-on-bioanalytical-method-validation-availability
https://www.federalregister.gov/documents/2013/09/13/2013--22309/draft-guidance-for-industry-on-bioanalytical-method-validation-availability

