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Thesis Outline

Despite the availability of multiple therapeutic options for inflammatory bowel 
disease (IBD), non-responsiveness remains a significant issue, highlighting the need 
for new therapies. In the current dissertation, we explore the potential of epigenetic 
medicines in IBD. The first wave of epigenetic drugs lack specificity and have wide 
range of toxicities that limit clinical translation of their potent anti-inflammatory 
properties. Therefore more selective epigenetic therapies are required.

In chapter 1, we summarize the recent advances of developing new targeted 
epigenetic therapies that tackle the problem of specificity and improve the safety 
profile of targeting epigenetics. We reviewed endeavours to develop class-, isoform- 
and domain-specific histone deacetylases (HDAC) and bromodomain containing 
proteins (BCPs) inhibitors, along with drug design technologies for cell specific 
targeting. We highlighted the promises and limitations of these strategies in 
inflammation mediated diseases, including IBD. In chapters 2 and 3, we investigated 
the potentials of specific targeting of mononuclear myeloid cells (MMCs) using 
esterase sensitive motif (ESM) tagged HDAC and BET inhibitors in both in vitro and 
in vivo models. This technology allows ESM-tagged compounds to be retained in 
CES1 enzyme expressing cells. We explored the CES1 expression in IBD patients 
and demonstrated exclusive expression in MMCs in peripheral blood and locally 
inflamed intestinal tissues and highlighted enrichment of CES1-expressing MMCs 
in inflamed tissue environment. We demonstrated specific accumulation of ESM-
HDAC528 in monocytes and macrophages, along with augmented anti-inflammatory 
potency. We showed efficacy of ESM-HDAC528 in preclinical murine models of IBD. 
Similarly, we demonstrated enhanced anti-inflammatory potency of ESM-iBET in 
monocytes and highlighted multiple IBD relevant inflammatory pathways targeted 
by ESM-iBET in monocytes. In chapter 4, we pinpointed an overlooked role of CES1 
enzyme in modulating DCs phenotype and inflammatory response. CES1 inhibition 
promoted a more inflammatory dendritic cell (DCs) phenotype, with stronger 
phagocytic capacity and Th17 induction, meanwhile, transgenic human CES1 
overexpression was associated with attenuated DCs inflammatory response and 
conferred protection against colitis development in T cell colitis model. We further 
characterized the underlying metabolomics and functional metabolic changes upon 
CES1 inhibition in DCs. In chapter 5, we explored the potential of a newly developed 
domain-specific BET inhibitor (GSK620), that selectively targets bromodomain 2 
(BD2), a recently identified inflammation specific target. We demonstrated a modest 
clinical efficacy of both pan-BET and BD2-specific inhibitors in T cell transfer colitis 
model, with sustained intestinal inflammation despite markedly reduced systemic 



inflammation. In chapter 6, we made use of single cells omics technologies to explore 
determinants of response/non-response to vedolizumab, a clinically available IBD 
biologic that targets α4β7 integrin. We identified altered peripheral blood myeloid 
cells compartment in response to vedolizumab, with a significant reduction of 
circulating plasmacytoid DCs and altered classical monocytes phenotype. In this 
study, we highlighted the potential of single cells omics to explore responsiveness to 
the currently available and upcoming IBD therapies for better personalized medicine 
practice.
Collectively, this thesis highlights the potential of the newly developed targeted 
epigenetic medicines in IBD. These novel therapeutic strategies of targeting the 
immune epigenome tackle the tolerability issues observed with earlier generations of 
epigenetic medicines and therefore help to translate their potent anti-inflammatory 
properties into a safer and effective drug options. These provide a novel therapeutic 
avenues to the IBD treatment landscape that faces a lot of challenges with high 
nonresponsive rates to current medications.
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Chapter 1

General Introduction

Selective Targeting of Epigenetic Readers and Histone Deacetylases 
in Autoimmune and Inflammatory Diseases: Recent Advances and 
Future Perspectives

Mohammed Ghiboub†, Ahmed M. I. Elfiky†, Menno P. J. de Winther, Nicola R. Harker, 

David F. Tough and Wouter J. de Jonge

† Equally Contributing First authors 
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Abstract

Histone deacetylases (HDACs) and bromodomain-containing proteins (BCPs) play 
a key role in chromatin remodeling. Based on their ability to regulate inducible 
gene expression in the context of inflammation and cancer, HDACs and BCPs have 
been the focus of drug discovery efforts, and numerous small-molecule inhibitors 
have been developed. However, dose-limiting toxicities of the first generation of 
inhibitors, which typically target multiple HDACs or BCPs, have limited translation to 
the clinic. Over the last decade, an increasing effort has been dedicated to designing 
class-, isoform-, or domain-specific HDAC or BCP inhibitors, as well as developing 
strategies for cell-specific targeted drug delivery. Selective inhibition of the 
epigenetic modulators is helping to elucidate the functions of individual epigenetic 
proteins and has the potential to yield better and safer therapeutic strategies. In 
accordance with this idea, several in vitro and in vivo studies have reported the 
ability of more selective HDAC/BCP inhibitors to recapitulate the beneficial effects of 
pan-inhibitors with less unwanted adverse events. In this review, we summarize the 
most recent advances with these strategies, discussing advantages and limitations of 
these approaches as well as some therapeutic perspectives, focusing on autoimmune 
and inflammatory diseases.

Keywords: epigenetics; histone deacetylases; bromodomain; inhibitor; esterase 
sensitive motif; autoimmune and inflammatory diseases
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Introduction

The human immune system requires complex mechanisms of regulation to avoid 
the induction of inappropriate responses, and defects in this regulation result in 
inflammatory and autoimmune diseases [1,2]. Epigenetics refers to mechanisms that 
modify cellular and organismal phenotypes without altering the DNA sequence and 
are linked to modified patterns of gene expression [3]. The critical role of epigenetic 
mechanisms in regulating gene expression in the immune system is well established, 
and the dysregulation of epigenetic control contributes to the development of a 
variety of human diseases [4,5]. Three main mechanisms are commonly ascribed to 
contribute to epigenetic regulation: [1] RNA interference via noncoding RNAs that 
modify mRNA translation; [2] DNA methylation, and [3] histone post-translational 
modification [6–8]. All of them can modify the structure of chromatin—the ordered 
structure of DNA and histones—and ultimately the accessibility of DNA to the 
transcriptional machinery [6–8].

Histones are modified in a dynamic way by enzymes that add or erase a wide range 
of post-translational modifications, including acetyl or methyl groups, to a variety 
of different amino acids [9]. These modifications can directly affect the interaction 
between histones and DNA—for example, by changing the charge of the histone—
and can also serve as recognition marks for epigenetic “reader” proteins; both of these 
processes alter DNA accessibility to transcription factors (TFs) (Figure. 1) [9]. Enzymes 
that add or remove histone marks have been referred to as epigenetic “writers” or 
“erasers”, respectively [9]. Among the wide diversity of possible epigenetic targets, 
this review will focus on histone deacetylase (HDAC) enzymes and bromodomain 
(BD)-containing proteins (BCPs), remodelers of histone tails, which play a central 
role in regulating inducible gene expression involved in immune response [10,11]. 
HDAC enzymes are examples of epigenetic erasers that remove an acetyl group from 
histone tails, which then limits the accessibility to DNA at these sites [12]. BCPs are 
a large family of epigenetic readers that can bind acetylated histones to facilitate 
recruitment and interactions of TFs [13]. The most extensively studied families of 
BCPs are BD and extra-terminal domain (BET) proteins, consisting of four individual 
proteins: BRD2, BRD3, BRD4, and BRDT [14].

Numerous small-molecule inhibitors targeting these proteins have been developed 
based on preclinical work, suggesting the potential to achieve therapeutic benefit in 
various human disorders [15,16]. Because of their reported strong anti-proliferative 
and anti-oncogenic properties, several inhibitors of these epigenetic targets have 
been investigated in cancer clinical trials, with some HDAC inhibitors FDA approved 
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for certain malignancies [17]. In addition, HDAC inhibitors (HDACi) and BET protein 
inhibitors (I-BET) have shown strong efficacy in preclinical models of several 
inflammatory and autoimmune diseases, such as models of inflammatory bowel 
disease (IBD) and rheumatoid arthritis (RA) [18–26]. Although several epigenetic 
inhibitors are being investigated in human trials, relatively few have progressed 
into clinical practice and thus far exclusively in the cancer field, largely due to the 
toxicity profile of these compounds [17,27]. Since these first-generation inhibitors 
typically target multiple members of the HDAC or BET family, unwanted effects may 
be linked to a broad impact on transcriptional activity that extends to off-target 
pathways [28,29].

Recently, increasing effort has been dedicated to developing inhibitors that can 
achieve a higher degree of selectivity in targeting the epigenetic modulators, 
which may alleviate safety issues that hold back their translation into clinical use 
[30,31]. Different strategies are being adopted to tackle this challenge: (1) designing 
isoform-specific or domain-specific inhibitors that can target only single proteins or 
individual domains in multi-domain proteins; (2) developing a targeted approach 
that can selectively deliver the drug to the relevant proinflammatory cell types 
that fuel the inflammation in the disease of interest [32]. In this review, we gather 
the most recent updates regarding these different strategies and we discuss their 
potential in paving the way towards the next wave of epigenetic drugs, focusing on 
inflammatory and autoimmune diseases.

Methods

To give an overview of existing selective small-molecule inhibitors targeting HDACs 
and BCPs and gather the most relevant advances in this direction with focus on 
their use in inflammatory and autoimmune disease models, we performed a 
literature review in Medline (PubMed) using “HDAC”, “bromodomain”,” inhibitor”, 
“selective”, “isoform”, “class”, ‘’ esterase sensitive motif ’’ ‘’autoimmune diseases’’, and 
‘’inflammatory diseases’’ as keywords. Reference lists of existing (systematic) reviews 
of this topic were searched for additional relevant literature. All included articles 
were in English. There were no specific inclusion or exclusion criteria for this review. 
The most referenced articles were selected and are described in the review, with an 
overview of study characteristics and results shown in Table 1. The figure illustrations 
were created in BioRender.com.
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Figure 1. DNA methylation and histone modifications. Post-translational modifications of histones 
and DNA methylation provide a fine-tuned mechanism for regulating chromatin structure and dynamics. 
Panel (A) depicts methylation and acetylation of histone tails that involve the addition of methyl group 
(Me) and acetyl group (AC), respectively. These processes are catalyzed by the epigenetic writers; histone 
methyl transferases (HMTs) and histone acetylases (HATs), respectively. DNA methylation is catalyzed 
by the epigenetic writers DNA methyltransferases (DNMTs), including DNMT1, DNMT3a, and DNMT3b, 
which add a methyl group on to the 5-carbon of the cytosine ring. Panel (B) illustrates examples of 
epigenetic readers that possess specialized domains that recognize specific covalent histone or DNA 
modifications and respond to upstream signals. Such crosstalk generates a different binding platform 
for the recruitment of other regulatory proteins, ultimately controlling the chromatin accessibility to 
transcription factors and gene transcription, such as plant homeodomain (PHD), WD40-repeat (WDR) 
proteins, and chromo domains that recognize histone methylation marks, bromodomian-containing 
proteins (BCPs) that recognize histone acetylation marks, and the methyl-CpG-binding proteins (MBPs) 
that recognize methylation of DNA. Panel (C) shows examples of epigenetic eraser proteins that can 
remove modifications from DNA or histones to regulate gene expression.



16 | Chapter 1

 Advances in HDAC Selective Targeting in Autoimmune 
and Inflammatory Diseases

In humans, the HDAC enzymes family comprises 18 members divided into 4 classes: 
class I HDACs (HDACs 1–3 and 8), class IIa HDACs (HDACs 4, 5, 7, and 9), class IIb HDACs 
(HDACs 6 and 10), class III sirtuins (Sirt1–7), and class IV HDACs (HDAC11) [12,33,34]. 
While histone acetyltransferases (HAT) add acetyl groups to lysine residues, thereby 
permitting TFs binding and subsequent gene expression, histone deacetylases (HDACs) 
erase histone acetyl residues, leading to chromatin compaction, generally resulting 
in gene repression [33,34]. However, in contrast to the common role of HDACs for 
gene repression, treatment with HDAC inhibitors typically leads to a reduction rather 
than increase in pro-inflammatory gene expression by immune cells [35]. This may 
be due to global histone hyperacetylation induced by HDACi, which results in over-
recruitment of epigenetic readers (in steady state, there is an equilibrium between 
acetylation and deacetylation) [35]. As a consequence, a large pool of epigenetic 
readers will be sequestrated nonspecifically, reducing the availability of readers for 
recruitment to newly induced promoters. This subsequently limits the binding of 
TFs and gene expression induction at these sites, rendering cells less responsive to 
external inflammatory stimuli [35], as described in Figure 2. HDAC inhibition was also 
suggested to reduce cytokine expression by promoting mRNA decay. For instance, 
Grabiec et al. have shown that pan-HDACi can disrupt IL-6 production in RA fibroblast-
like synoviocytes (FLS) by accelerating its mRNA breakdown [36].

HDAC enzymes are key regulators of diverse cellular functions, including the 
inflammatory response, and their dysregulation has been strongly associated with 
multiple inflammatory diseases [37]. Current research aims to dissect the biological 
functions of each individual HDAC with attempts to develop class- or isoform-
selective HDACi that can maintain similar anti-inflammatory potency of pan-HDACi 
while providing a better safety profile [38]. A summary of some of the main selective 
class or isoform inhibitors of HDACs that have been tested in ex vivo and in vivo 
animal models of inflammatory and autoimmune diseases is provided in Table 1. An 
approach for drug delivery to specific cell types has also been developed to limit the 
off-target activity associated with pan-HDACi.



17|General introduction

1

Figure 2. Possible mechanism for inhibition of inflammatory gene expression by HDACi. (A) In 
steady state, there is an equilibrium between acetylation (AC) and deacetylation, which maintains a pool 
of epigenetic readers available for recruitment to newly induced promoters, recruitment of transcription 
factors (TF), and induction of gene expression. (B) Histone deacetylase (HDACs) inhibition increases 
acetylation of histones that sequester the epigenetic readers, such the bromodomain-containing 
proteins (BCPs), preventing their recruitment to newly induced promoters.

Class-Specific HDACi

Class I-Specific HDACi
Entinostat (MS-275) [39] and Tacedinaline (CI994) [40] are the first potent selective 
inhibitors of class I HDACs and have shown therapeutic potential by ameliorating 
inflammation in preclinical models of various inflammatory and autoimmune 
diseases, including RA [41], Chronic Obstructive Pulmonary Disease (COPD) [42], 
pancreatitis [19), inflammation associated with angiotensin II-induced hypertension 
[43], liver fibrosis [44], and lipopolysaccharide-induced acute kidney injury (LPS-
AKI) [45]. These beneficial preclinical outcomes were accompanied by a marked 
reduction in multiple proinflammatory cytokines and leukocyte infiltration [46]. 
Entinostat treatment reduced cytokine production and suppressed osteoclastic 
bone resorption in vitro (osteoclast generated from human monocytes), suggesting 
therapeutic potential in RA and periodontitis [41]. This was borne out by the efficacy 
of Entinostat in collagen antibody-induced arthritis model where it strongly reduced 
inflammatory cells infiltration and improved disease score [46]. Notably, Entinostat 
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showed a superior clinical efficacy to pan-HDACi (SAHA) in this model [46]. Similarly, 
Entinostat was able to significantly affect expression of proinflammatory cytokines in 
precision-cut lung slices and robustly attenuated inflammatory expression of CXCL1 
and neutrophil influx in the lungs in an in vivo mice model of smoking-induced airway 
inflammation, while the pan-HDACi (SAHA) was without effect in this model [42].

Loh et al. also provided evidence for the importance of class I HDAC inhibition, showing 
that Entinostat, but not inhibitors of class IIa (PG100) and IIb HDAC (PG50) enzymes, 
potently suppressed chronic hepatic inflammation and fibrosis in mice [44]. Entinostat 
has been shown to reduce CD68+ macrophage infiltration into aortic tissue in an 
angiotensin II-induced hypertension murine model [43]. In Cerulein-induced acute 
and chronic pancreatitis, Entinostat reduced the infiltration of inflammatory immune 
cells, including macrophages and T cells, and directly disrupted macrophage activation 
[47]. In terms of safety profiles, although no human clinical data are available yet for 
inflammatory and autoimmune diseases, the class I HDACi Reminostat exhibited an 
improved safety profile over pan-HDACi in clinical trials in cancer patients showing 
no cardiac-related toxicities [48,49]. Two class I HDACis; Etinostat and Mocetinostat, 
initially exhibited cardiac-related events in early studies. However, further evaluation 
found that the cardiac events were not related to Mocetinostat [50], while for Entinostat 
cardiac events were attributed to disparities in drug pharmacokinetics compared with 
preclinical models, which was mitigated upon redesigning the treatment regimens 
[51,52]. However, a recent trial for metastatic urethral cancer reported pericardial 
effusion for one patient that was believed to be Mocetinostat-related [53]. Thus, while 
class I HDACi appears to have fewer side effects than pan-HDACi, adverse events are 
still apparent, although some caution should be used in interpreting these events in 
patients with advanced cancer.

Class II-Specific HDACi
TMP195 (TFMO 2) is a selective, first-in-class, class IIa HDAC inhibitor reported by 
Lobera et al. [54]. TMP195 exhibited a potent effect on monocyte and macrophage 
activation in vitro, reducing CCL2 protein secretion and increasing the production 
of CCL1 by monocyte-derived macrophages and modifying human monocyte 
responses to the colony-stimulating factors CSF-1 and CSF-2 in vitro [55]. In an LPS 
acute injury in vivo model, TMP195 inhibited multiple proinflammatory cytokines/
chemokines and accumulation of inflammatory cells in the injured kidney [56]. The 
reno-protective effects of TMP195 observed in this model suggest that targeting 
class IIa HDACs might be a novel therapeutic strategy for treating renal inflammation, 
although further investigation of this hypothesis is required.
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Isoform-Specific HDACi
Genetic depletion of individual HDACs has demonstrated that these proteins mediate 
specific and unique functions [57], suggesting therapeutic relevance for selective 
isoform targeting. While achieving this is a challenge due to conserved structural 
similarity between HDAC isoforms [12], HDACi has been reported with selectivity for 
HDAC1, HDAC2, HDAC3 [33,58–61], HDAC8 [62,63], HDAC6 [64], HDAC11 [65], SIRT1, 
and SIRT2 [66,67]. However, caution should be taken in interpreting the specificity 
of the effects of these published inhibitors given the variability of available HDAC 
assays and the residual dose-dependent effects on other isoforms (Table 1).

HDAC3 Inhibitors
Inhibitors with a high degree of reported selectivity toward HDAC3, including 
RGFP966, MI192, and ITF3100, have been shown to efficiently attenuate inflammatory 
responses [33,58,59,68] and to restore LPS tolerance in inflammatory macrophages in 
vitro [33]. RGFP966 has demonstrated efficacy in preclinical models of diabetes [69], 
osteoarthritis (OA) [70], and allergy [71] via modulating inflammatory pathways. In 
diabetic mouse models, RGFP-966 was shown to prevent diabetes-associated liver 
damage, cerebral ischemia, and cardiomyopathy [72–74]. Zhang et al. found that 
RGFP966 could inhibit the expression of inflammatory markers of OA in rats [70]. 
Interestingly and unlike pan-HDACi, HDAC3 inhibitor MI192 was able to inhibit the 
inflammatory response in peripheral blood mononuclear cells (PBMCs) of RA patients 
but not in PBMCs of healthy control [68]. In line with these observations, inhibition of 
HDAC3 by the small molecule ITF3100 in RA FLS largely recapitulated the effects of 
pan-HDACi in suppressing inflammatory gene expression [75]. No effect of HDAC1/2 
or HDAC8 inhibition was observed in RA FLS. These data suggest the potential for a 
clinically relevant advantage of the selective targeting of HDAC3 in RA [75].

HDAC6 Inhibitors
HDAC6 has been extensively studied in various inflammatory settings, and several 
small-molecule inhibitors have been designed and reported to be selective, such as 
BML-281 (CAY10603) [76], Ricolinostat (ACY-1215) [77], CKD-506 [78], Tubastatin A 
[79], and ACY-738 [80]. HDAC6 inhibition has shown efficiency in multiple preclinical 
models of inflammatory and autoimmune diseases, including IBD [81–83], RA [84,85], 
systemic lupus erythematosus (SLE) [78,86], multiple sclerosis [87], lung inflammatory 
diseases [88,89], allograft rejection [90], skin inflammatory diseases [91], sepsis 
[92], and acute liver injury [93]. HDAC6 inhibition has been reported to control 
immune cell recruitment and to modulate T and B cell differentiation [78,83,94]. 
In a DSS colitis model, CD19+ B cell influx into the inflamed colon was reduced in 
mice treated with BML-281 [83]. In addition, CKD-506 inhibits NF-κB signaling in 
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intestinal epithelial cells and macrophages and ameliorates murine colitis [81]. 
LTB2 treatment significantly alleviated DSS-induced colitis in mice [82]. Similarly, 
in a preclinical murine model of SLE, ACY-738 and CKD-506 were able to modulate 
both B cell and T cell differentiation, restoring aberrant B cell development and 
enhancing the frequency of splenic Tregs [78,94]. In addition, in this model, HDAC6 
inhibition significantly reduced inflammatory cytokines such as IL-17 and TNF-α and 
increased TGF-β in serum [78,94]. In experimental autoimmune encephalomyelitis 
(EAE), ACY-738 delayed disease onset and reduced disease severity [87]. BML-281 
blocks inflammatory signaling and caspase-1 activation in the LPS-induced acute 
lung injury mice model [89].

HDAC6 inhibition impairs effector CD8 T-cell functions during skin inflammation using 
murine CD8 T cell-related skin disease models, including contact hypersensitivity 
(CHS) and experimental graft-versus-host disease (GVHD)-like disease [91]. ACY-1215 
prevented the development of CHS and GVHD-like disease in vivo by modulating 
CD8 T cell activation and functions, abrogating the induction of effector T cells 
from naive CD8 T cells [91]. Tubastatin A downregulated Th17 cell function and 
suppressed acute lung allograft rejection via the HIF-1α/RORγt pathway in mice [95]. 
Notably, this effect was observed only with HDAC6 inhibition but not in HDAC1i-, 
HDAC3i-, HDAC4i-, and HDAC8i-treated recipients [95]. In a murine model of RA, 
CKD-506 suppressed monocyte/macrophage inflammatory responses, improved 
Treg function, and ameliorated arthritis severity [84]. Similarly, Tubastatin A showed 
significant inhibition of IL-6 in paw tissues of arthritic mice in a collagen-induced 
arthritis model [96].

Although there are no human clinical studies as yet in inflammatory and autoimmune 
disease patients, similarly to class I HDACi in patients with cancer, HDAC6 inhibitors 
exhibit an improved safety profile compared with pan-HDACi [50]. For instance, 
Ricolinostat has shown no drug-related cardiac events in two clinical trial conducted 
for multiple myeloma patients either alone or in combination with other drugs 
[97,98]. Life-threatening cardiac arrhythmias are one of the most limiting factors 
for the use of pan-HDACi in clinical trials [50]. Pan-HDACi is thought to exert this 
cardiotoxic effect via inhibition of hERG ion channels either directly [99] or indirectly 
mediated by transcriptional changes that affect ion channel trafficking [100]. 
Interestingly selective inhibition of HDAC6 was found to stabilize hERG channel 
expression, which suggests an application for HDAC6 inhibition in long QT syndrome 
type 2 treatment [101]. To date, seven registered clinical trials are running for other 
HDAC6 inhibitors, which will help us to better characterize the safety profile of 
HDAC6 inhibition.
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HDAC8 Inhibitors
Some inhibitors of HDAC8 that have been recently reported have shown a marked 
anti-inflammatory potential in some preclinical models of inflammatory and 
autoimmune diseases such as sepsis [63], neuro-inflammation [102], and asthma 
[100]. WK2-16 [102] and PCI-34051 [103] are reported to be the most selective HDAC8 
inhibitors. WK2-16 reduced IL-6, TNF-α, and MPP8 expression in both sepsis and LPS-
induced neuro-inflammation murine models [63,102] via inhibition of STAT-1/-3 and 
Akt activation in the absence of an effect on NF-κB or MAPK signaling pathways 
[63,102]. PCI-34051 was reported to alleviate airway inflammation in a preclinical 
model of asthma by disrupting HDAC8 interaction with Galectin-3, a protein involved 
in inflammation and pathogenesis of asthma [104].

Other Isoform-Specific Inhibitors
Santacruzamate A (CAY10683) is a potent HDAC2 inhibitor, with >3600-fold selectivity 
over other HDACs [105]. Fang-Zhou et al. have demonstrated that Santacruzamate A 
could suppress neuro-inflammatory responses and TLR4/NF-κB signaling pathways 
in an animal model of LPS-induced neuro-inflammation [106]. Other HDAC isoforms 
are reported to regulate the inflammatory response, including HDAC5 [107] and 
HDAC10 [108], but as of now there are no specific inhibitors to these isoforms. SIS17 
is described as a highly selective HDAC11 inhibitor; however, no data are available 
on studies with this molecule in preclinical models [109].

Finally, selective inhibitors have been developed for some members of the SIRT family 
(HDAC class III), including EX-527 and AK 7 that target SIRT1 and SIRT2, respectively 
[66,67]. Although SIRT1 and SIRT2 are implicated in several inflammatory diseases 
such as RA and IBD, no data are reported for the use of EX-527 and AK 7 in vitro or in 
vivo models of inflammation.

Cell-Specific Targeted Drug Delivery of Pan-HDACi
Mononuclear myeloid cells play a key role in the pathogenesis of multiple 
inflammatory diseases but are also critically required for tissue homeostasis and 
healing [110,111]. Because of the anti-inflammatory activity of HDACi in monocytes/
macrophages, selective targeting of these cells could represent an attractive 
approach for retaining efficacy while minimizing adverse events linked to HDACi in 
other cell types. A strategy to do so has been developed based on the expression 
pattern of carboxylesterase 1 (CES1) enzyme (also known as serine esterase 1), which 
in humans is predominantly expressed in hepatocytes and cells of the mononuclear 
myeloid lineage, such as monocytes and macrophages, with very little expression 
reported outside these two sources, mainly in adipose tissue, kidney, and heart 



22 | Chapter 1

[112,113]. CES1 plays a key role in hydrolyzing ester- and amide-bond-containing 
xenobiotics and drugs [114].

Esterase sensitive motif (ESM) technology has been employed to selectively target 
CES1-expressing cells. Small-molecule inhibitors are tagged with the ESM motif, the 
ESM-tagged inhibitors enter cells, and when CES1 is expressed, the ESM motif is 
hydrolyzed into an acid [32] as described in Figure 3. In acid form, the compound 
is less able to cross the plasma membrane, thus increasing retention and therefore 
potency in CES1 expressing cells [32] (Figure. 3). Such targeted molecules 
have shown efficacy in a preclinical model of RA in which transgenic mice that 
express human CES1 under the CD68 promotor were generated to allow human 
CES1 expression in mononuclear myeloid cells [32]. ESM-HDACi achieved clinical 
improvement at doses as low as 1 mg/kg compared with 100 mg/kg of conventional 
pan-HDACi (SAHA) needed to achieve a similar clinical response [32]. ESM-HDACi was 
tolerated up to 30 mg/kg in vivo dosing [32].

In a phase 1 clinical study, ESM-HDACi proved to be safe and well tolerated while 
showing efficient and sustainable accumulation in blood monocytes [115]. This 
sparked the interest to further explore this strategy in other inflammatory disease 
models. In both acute DSS colitis [116] and acute peritonitis [117] models, ESM-HDACi 
impaired the differentiation of monocyte in inflamed tissue, which translated into 
modestly improved colitis [116]. Exploring this strategy in a variety of inflammatory 
disease models may identify the best application of this approach given the complex 
role of these cells in mediating the inflammatory response in different diseases 
[118,119]. In addition, using ESM technology with more selective HDAC inhibitors 
(class or isoform specific) would provide better therapeutic potential.

Advances in Selective Targeting of BCPs

BCPs are group of epigenetic readers that recognize acetylated lysine residues 
on histone tails and play a role in modulating DNA accessibility to TFs and the 
transcriptional machinery [120]. Disturbance in BCP function has been reported 
as a key contributor to a large variety of diseases [15]. In humans, if we exclude 
splice variants, there are around 56 BDs and 42 BCPs characterized [121]. Based on 
sequence homology, BCPs are classified into eight different subgroups [120], as 
described in Figure 4. BCPs are tractable to small-molecule antagonists that prevent 
protein–protein interaction between BCPs and acetylated histones and transcription 
factors [122]. Although numerous compounds targeting BCPs (primarily BET family 
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Figure 3. Selective targeting of myeloid cells with HDACi. CES-1 expression in humans is restricted 
to hepatocytes and cells of the mononuclear myeloid lineage, such as monocytes and macrophages. (A) 
When ESM-HDACi enters into CES-1-negative cells such as T and B cells, the compound freely diffuses 
out of the cells; lack of retention of the HDACi minimizes the pharmacological effect. (B) After entry 
of ESM-HDACi into CES-1-positive cells ①, esters are selectively hydrolyzed by the CES-1 enzyme 
②, generating charged acids ③ that are less able to cross the membrane. This leads to intracellular 
retention of HDACi ④ and enhanced pharmacological effect (e.g., histone hyperacetylation and 
repression of proinflammatory genes) ⑤.

Figure 4. Phylogenetic tree of the human bromodomain-containing protein subgroups. On the 
basis of sequence homology, BCPs are classified into eight different subgroups (families). The distinct 
families are indicated by Roman numbers (I–VIII) in circles and illustrated with different colors.
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BCPs) have displayed promising therapeutic potential in preclinical models of cancer 
and autoimmunity/inflammation, these compounds have not yet been approved 
by FDA [123]. The majority of BCP inhibitors lack selectivity for individual BCPs or a 
specific domain, and as BCPs regulate the expression of a plethora of genes and can 
be ubiquitously expressed, therapeutic translation into the clinic has been restricted 
by multiple adverse events [121]. To reduce the breadth of effects observed with 
first-generation BCP inhibitors, efforts have been made to achieve better selectivity 
amongst BRDs, as well as to develop specific cell type delivery of small molecules 
targeting BCPs. Three main advances in this direction are discussed below. A 
summary of some of the main tested selective domain or isoform inhibitors of BCPs 
in ex vivo and in vivo animal models of inflammatory and autoimmune diseases are 
described in Table 1.
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1
Domain-Selective Targeting (BD1 or BD2 Targeting)
The BET protein family of BCPs comprise the ubiquitously expressed BRD2, BRD3, 
and BRD4 and the testis-restricted BRDT, all of which harbor two highly conserved 
tandem bromodomains, BD1 and BD2, allowing them to recognize acetylated 
lysines [131,132]. BET proteins are well recognized as drug targets for multiple 
human diseases [131]. Most potent and selective BCP inhibitors reported target all 
eight BDs of the BET family (i.e., BD1 and BD2 in BRD2, 3, 4 and T), and include 
I-BET762 [133], (+)-JQ1 [134], I-BET151 [122], and I-BET726 [135]. These compounds 
display similar affinities to BD1 and BD2 [131]. Such compounds have been utilized 
to demonstrate the function of these proteins in selectively regulating expression 
of genes with high therapeutic interest for several human inflammatory diseases 
[21,131,136]. Recent reports studying the molecular mechanisms of BET protein 
binding demonstrate differential binding of BD1 and BD2 to different targets 
[136,121]. These mechanistic studies suggest a model where BD1 is essential for 
BET protein binding to di-acetylated nucleosomes, while BD2 is more relevant to 
binding to TFs and protamines [136,121]. Therefore, selective inhibition of either 
BD1 or BD2 binding might promote different functional consequences that allow for 
more selectivity in functional effect and an improved safety profile to be explored in 
different diseases settings [136,121].

BD1 and BD2 have high sequence similarity within the acetyl–lysine binding site 
but exhibit distinct recognition patterns of acetylated histone peptide targets [137]. 
Accordingly, BD1 and BD2 of BRD4 can both recognize acetylated H4 peptide [137]. 
However, only BD1 has been shown to specifically recognize N-terminal-acetylated 
H4 peptides in a sequence-dependent manner, while BD2 is more promiscuous [131]. 
In addition, BD1 favors binding to di-acetylated residues on histone H4, particularly 
H4 K5ac/K8ac, whereas BD2 is more permissive and can accommodate a variety of di-
acetylated peptides [131]. Importantly, despite the ability of BD2 to bind acetylated 
histones in vitro, biochemical studies have indicated that BD1 of the BET proteins 
is mainly responsible for chromatin binding [137,138]. This suggests that selective 
inhibition of BD1 or BD2 would be expected to yield distinct subsets of effects other 
than observed with pan-BET inhibitors [139]. Emerging data with domain-selective 
inhibitors are providing support for this idea.

ABBV-744 is a BET inhibitor that shows preferential inhibition of the BD2 domain 
[140]. ABBV-744 has demonstrated a robust activity in prostate cancer xenografts 
and exhibited fewer platelet and gastrointestinal toxicities compared with the 
dual-bromodomain BET inhibitors (DbBi) [140]. Recently, Gilan et al. described the 
development of GSK778 (iBET-BD1) and GSK046 (iBET-BD2), the first highly selective 
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small-molecule inhibitors of BET-BD1 and BET-BD2, respectively [131]. This advance 
has helped to highlight more distinct roles of BD1 and BD2 (Figure. 5). iBET-BD1 
showed a selectivity of ≥130-fold for BRD4 BD1, and iBET-BD2 showed selectivity 
of ≥130-fold for BRD4 BD2 [131]. In this study, iBET-BD1 was able to replicate the 
effects of pan-BET inhibitor I-BET151 in human cancer cell lines, such as inducing 
cell cycle arrest and clonogenic capacity [131]. Notably, the effects of iBET-BD2 were 
less pronounced in this setting [131]. This was explained by the ability of iBET-BD1 
to reduce the chromatin binding of all BET proteins, including BRD4, which is known 
to be critical for maintaining oncogenic and homeostatic transcriptional programs, 
while iBET-BD2 failed to interfere with BRD 2, 3, or 4 binding in an in vitro THP-1 
homeostatic model. Interestingly, in the context of inflammatory stimulus-induced 
in vitro models, iBET-BD2 was able to strongly reduce BRD2 and BRD3 binding while 
only sparing BRD4 binding and was able to inhibit the IFNγ-induced transcriptional 
program [131]. Despite no effects on cancer cell proliferation or survival, iBET-BD2, 
like iBET-BD1, exerted immunomodulatory effects by decreasing the expression 
of proinflammatory cytokines in in vitro assay [131]. These mechanistic studies 
of BET BD1/BD2 functionality indicate a model where BD1 binding is sufficient to 
maintain homeostatic and oncogenic gene transcription programs, while both BD1 
and BD2 binding is required to promote an inflammatory transcriptional response 
(Figure. 5). This observation implies that selective inhibition of BD2 could be a 
promising strategy for treatment of inflammatory diseases with a potential for an 
improved safety profile. Indeed, iBET-BD2 was shown to provide efficacy in animal 
models of RA and psoriasis [131]. Overall, these findings of differential functions for 
BD1 and BD2 (Figure. 5) indicate a therapeutic rationale founded on distinct BET 
BD-selective targeting in cancer and immuno-inflammatory diseases.
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1

Figure 5. Selective domain targeting of BD1 and BD2. (A) BET proteins family of BCPs comprise the 
ubiquitously expressed BRD2, BRD3, and BRD4 and BRDT, which all harbor two highly conserved tandem 
bromodomains, BD1 and BD2, allowing them to recognize acetylated lysine. (B) BD1 and BD2 have distinct 
functions. BD1 binding is sufficient to maintain homeostatic and oncogenic gene transcription programs, 
while BD2 binding is required to promote an inflammatory transcriptional response. (C) Domain-selective 
inhibitors for BD1 and BD2 show preferential effects on different types of cellular functions [141].

Selective Targeting of Single BCP

BRD4 Inhibitors
Important advances in new technologies and tools such as assay kits for screening 
inhibitors, Targetome, BromoMELT, BromoScan assay, and others, have revolutionized 
the discovery of series of diverse small molecules that selectively target a single BCP. 
These include ZL0420 and ZL0454, potent selective inhibitors of BRD4 [126,127]. 
ZL0420 has reported IC50 values of 27 nM against BRD4 BD1 and 32 nM against 
BRD4 BD2, while ZL0454 shows IC50 value of 49 and 32 nM for BD1 and BD2, 
respectively [126,127]. These molecules have been utilized to explore the potential 
of selective targeting of BRD4 in airway inflammation, based on reports of a critical 
role for BRD4 in NF-κB-mediated epithelial–mesenchymal transition in an in vitro 
model of airway epithelial cell culture and in in vivo murine models of pulmonary 
fibrosis and TLR3-mediated acute airway inflammation [27]. Intranasal administration 
of poly(I:C) induced a substantial increase of total cells and neutrophils into the 
airway fluids, and cytokine expression in the lung tissue [126]. These changes were 
more effectively blocked by BRD4 inhibitors than by pan-I-BET; (+)-JQ1 or RVX-208 
[126]. In another study, MS436, a compound that preferentially targets the first 
bromodomain of BRD4, blocked the transcriptional activity of BRD4 in the NF-κB-
directed production of nitric oxide and IL-6 [142]. In addition to the small molecules 
inhibiting BET BD protein–protein interactions described above, molecules able to 
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degrade BET proteins based on PROTAC technology have been developed. Notably, 
some of these have been reported to have BET isoform selectivity, such dBET57 [143] 
and QCA570 [144], which have been reported to selectively degrade BRD4. To date, 
however, no in vivo studies with these molecules are reported.

SP140 Inhibitor
The development of inhibitors targeting BCPs proteins other than BET in 
inflammatory and autoimmune diseases are rare, although some advances have 
been reported. Another BCP with reported therapeutic potentials is speckled 140 
KDa (SP140), which belongs to the SP100 family of proteins that also includes SP100, 
SP110, and SP140 L [4]. Genetic and epigenetic alterations in the SP140 locus have 
been strongly associated with autoimmune and inflammatory diseases, including 
Crohn’s disease (CD) and multiple sclerosis [145,146]. SP140 is predominantly 
expressed in immune cells, suggesting an interesting therapeutic potential [4]. 
Ghiboub et al. have described the first selective small-molecule inhibitor of SP140 
(GSK761). GSK761 was shown to compete with the N-terminal tail of histone 
H3 for interactions with the SP140 BRD-PHD module [4]. GSK761 decreased the 
differentiation of monocytes into inflammatory macrophages and LPS-induced 
inflammatory activation, whilst inducing the generation of CD206+ regulatory 
macrophages that mark anti-TNF remission induction in CD patients. Notably, ex vivo 
treatment of CD14+ macrophages isolated from CD intestinal mucosa with GSK761 
inhibited the spontaneous expression of cytokines, including TNF [4]. While this 
study identifies SP140 as a druggable epigenetic reader and potential therapeutic 
target for CD, GSK761 however shows poor in vivo pharmacokinetics, potentially 
restricting its use in vivo [4].

BRD9 Inhibitors
BRD9 is part of the SWI/SNF remodeling BAF complex [147], and selective BRD9 
inhibitors, I-BRD9 and BI-7273, have been described [128,129]. Evidence for the 
importance of BRD9 in immune function has come from studies in the T cell transfer 
colitis model, where T effector cells were co-transferred with either BRD9-depleted 
or normal Treg cells [148]. Notably, BRD9-deficient Tregs, unlike control Tregs, 
failed to prevent colitis development in recipient mice. [148]. As BRD9-deficient 
Tregs were also defective in the context of tumor immunity, the authors suggested 
that small-molecule drugs could be useful to fight cancer. Interestingly, a study 
by Qingqing Lv et al. showed that calcipotriol combined with I-BRD9 can regulate 
the gut microbiota, improve intestinal mucosal barrier function, and reduce LPS 
absorption into the blood [130].
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CREB Inhibitor
The BCP cyclic AMP response element-binding protein (CREB) is a transcriptional 
coactivator of many different transcription factors and plays an essential role 
in regulating the immune response [149], including mediating TNF-α and IL-10 
production in macrophages and controlling cytokine expression by Th1 (IL-2 and 
IFN-γ) and Th2 cells (IL-4 and IL-13) through the regulation of IFN-γ production [149]. 
Dysregulation of CREB has been associated with several immune-mediated diseases 
[149–151]. For instance, CREB was shown to play a role in synovial cell hyperfunction 
in patients with RA [151] and intestinal barrier dysfunction in IBD [150]. Thus, 
targeting CREB selectively may yield therapeutic benefits for inflammatory diseases. 
PF-CBP1 and KG-501 have been reported as potent selective inhibitors of CREB by 
Eugene L et al. [152] and Jennifer L et al. [153], respectively. These compounds 
target specifically the BD in CREB protein [152,153]. PF-CBP1 demonstrated strong 
potential to reduce proinflammatory cytokines in human macrophages in vitro [152]. 
Notably, the authors observed several other genes that were affected by PF-CBP1 
but not by pan-BET inhibitor, including REL, RELB, CCL2, CCL3, MRC1, and NFKBIA 
[152]. These data highlight the effects of CBP pharmacological inhibition on specific 
and distinct molecular targets and suggest that CBP inhibitors could be used to 
investigate therapeutic opportunities in inflammation that possess a molecular 
etiology mechanistically different to BET-associated inflammation.

4BRPF Inhibitors
BRD and plant homeodomain finger-containing (BRPF) family proteins consist of three 
members: BRPF1, BRPF2 (BRD1), and BRPF3 [154]. Julia et al. have reported three potent 
and selective inhibitors: one (PFI-4) with high selectivity for the BRPF1B isoform and 
two pan-BRPF bromodomain inhibitors (OF-1, NI-57) [155]. Intriguingly, the inhibitors 
impaired RANKL-induced differentiation of primary murine bone marrow cells and 
human primary monocytes into bone-resorbing osteoclasts by specifically repressing 
transcriptional programs required for osteoclastogenesis [155].

Cell-Specific Targeted Drug Delivery of I-BET
As discussed above, the ESM technology can be used to preferentially target small-
molecule inhibitors to myeloid cells. GlaxoSmithKline (GSK) has utilized this approach 
to generate myeloid-targeted ESM-I-BET compounds [156]. However, no preclinical 
data are available yet for these compounds [156].
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Conclusions/Perspectives

While progress is being made regarding the development of more isoform/domain-
selective HDAC and BCP inhibitors, further pre- and clinical studies of these molecules 
are required to better characterize their efficacy and safety profiles. Although new 
HDAC and BCP inhibitors display high affinity towards specific classes, isoforms, or 
domains, most still retain residual effects on one or more other epigenetic enzymes, 
as described in the Table 1. Thus, efforts should continue towards developing new 
isoform/domain-selective inhibitors with improved specificity to avoid potential 
off-target effects. Meanwhile, two valuable approaches for future studies can help 
improve safety and guide applications into the inflammatory disease field. The first 
approach would involve examining individual HDAC and BCP expressions in different 
inflammatory diseases, as reviewed for IBD here [157]. This may better identify the 
relevant individual HDAC/BCP for each disease setting and guide selective inhibitor 
design to target the relevant isoform/domain for each disease. A second approach 
would involve conducting transcriptional analysis studies that compare the impact 
of individual isoform/domain knockdowns/inhibitions in different in vitro and in 
vivo systems. This can help to identify targets that show efficient modulation of 
inflammatory pathways without impacting other central/homeostatic pathways 
upon their inhibition. Results from such studies can guide the development 
and application of further selective HDAC/BCP inhibitors in inflammatory and 
autoimmune diseases.
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Abbreviations: HDAC: histone deacetylase; BD: bromodomain; BRD: BET 
bromodomain-containing protein; IC50: half-maximal inhibitory concentration; SP140: 
speckled 140 KDa, CES1: carboxylesterase 1; BCP: Bromodomain containing protein.
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Abstract

Background and Aims: Histone deacetylase inhibitors (HDACi) exert potent anti-
inflammatory effects. Because of the ubiquitous expression of HDACs, clinical utility 
of HDACi is limited by off-target effects. Esterase-sensitive motif (ESM) technology 
aims to deliver ESM-conjugated compounds to human mononuclear myeloid cells, 
based on their expression of carboxylesterase 1 (CES1). This study aims to investigate 
utility of an ESM-tagged HDACi in inflammatory bowel disease (IBD).

Methods: CES1 expression was assessed in human blood, in vitro differentiated 
macrophage and dendritic cells, and Crohn’s disease (CD) colon mucosa, by mass 
cytometry, quantitative polymerase chain reaction (PCR), and immunofluorescence 
staining, respectively. ESM-HDAC528 intracellular retention was evaluated by mass 
spectrometry. Clinical efficacy of ESM-HDAC528 was tested in dextran sulphate 
sodium (DSS)-induced colitis and T cell transfer colitis models using transgenic mice 
expressing human CES1 under the CD68 promoter.

Results: CES1 mRNA was highly expressed in human blood CD14+ monocytes, in vitro 
differentiated and lipopolysaccharide (LPS)-stimulated macrophages, and dendritic 
cells. Specific hydrolysis and intracellular retention of ESM-HDAC528 in CES1+ cells was 
demonstrated. ESM-HDAC528 inhibited LPS-stimulated IL-6 and TNF-α production 1000 
times more potently than its control, HDAC800, in CES1high monocytes. In healthy 
donor peripheral blood, CES1 expression was significantly higher in CD14++CD16- 

monocytes compared with CD14+CD16++ monocytes. In CD-inflamed colon, a higher 
number of mucosal CD68+ macrophages expressed CES1 compared with non-
inflamed mucosa. In vivo, ESM-HDAC528 reduced monocyte differentiation in the 
colon and significantly improved colitis in a T cell transfer model, while having limited 
potential in ameliorating DSS-induced colitis. 

Conclusions: We demonstrate that monocytes and inflammatory macrophages 
specifically express CES1, and can be preferentially targeted by ESM-HDAC528 to achieve 
therapeutic benefit in IBD.

Key Words: HDAC inhibitor; CES1; IBD
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Introduction

Histone deacetylases (HDAC) are a family of 18 epigenetic enzymes that regulate 
histone and non-histone acetylation by erasing acetyl groups from lysine residues, 
leading to a chromatin remodeling and altered gene expression [1]. Several studies 
report a fundamental role of HDAC in regulating cell survival and inflammatory 
response [2], and therefore various HDAC inhibitors have been developed and 
investigated in, for instance, fields of cancer and inflammatory diseases. Several 
randomised clinical trials have been conducted in the oncology field, and 
four HDACi have been Food and Drug Administration (FDA)-approved for some 
malignancies like multiple melanoma, cutaneous T cell lymphoma, and peripheral T 
cell lymphoma [3,4]. Also, however, trial outcomes revealed a wide range of adverse 
events associated with HDACi [5] with treatment discontinuation as a result [6].

In immune-related diseases, HDACi treatment inhibits inflammatory responses 
both in vitro and in vivo [7,8]. Furthermore, in patients receiving HDACi, low plasma 
levels of pro-inflammatory cytokines were reported, and isolated immune cells from 
these patients were also less responsive to inflammatory stimuli [9–11]. In preclinical 
models of several inflammatory diseases including IBD, HDACi have demonstrated 
promising therapeutic benefits [12–18]. However, clinical translation is limited due 
to their off-target activity and wide toxicity profile, including life-threatening cardiac 
arrhythmias, bone marrow suppression effects, and gastrointestinal and hepatic 
toxicities [19–22].

As histone acetylation drives gene expression in a cell-specific manner, selective 
targeting strategies of relevant immune cells is a highly attractive approach. In this 
regard, a targeted drug delivery technology has been developed to selectively retain 
inhibitors tagged with an esterase-sensitive motif (ESM) in mononuclear myeloid cells, 
based on their expression of the carboxylesterase 1 (CES1) enzyme [23]. This technology 
is of interest in immune-related diseases where these cell subsets play a role in driving 
the pathology, and such an approach can minimise off-target effects. Murine models 
are designed to investigate this approach through transgenic human CES1 expression, 
which allow human CES1 to be expressed predominantly in mononuclear myeloid 
cells, driven by CD68 promoter. These models have shown promising results; in an 
arthritis model, ESM-HDAC528 has improved the outcome of the disease at a 100-fold 
lower dose compared with non-targeted compound, SAHA [23].

We reasoned that this approach is likely to have a therapeutic benefit in inflammatory 
bowel disease (IBD). First, HDACi ameliorates colitis in preclinical models and second, 
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IBD is an immune-driven pathology where mononuclear myeloid cells, including 
inflammatory macrophages, are enriched in Crohn’s disease (CD) colon mucosa [24] 
and are believed to perpetuate mucosal inflammation [25]. Furthermore, a recent 
report suggests that a unique mononuclear phagocyte cytokine/chemokine network 
is linked to anti-TNF-α resistance in CD [26]. In the current study, we demonstrate anti-
inflammatory effects of ESM-HDAC528 in monocytes and macrophages, reflecting 
their differential CES1 expression. In preclinical models of IBD, ESM- HDAC528 
showed clinical efficacy in the T cell transfer colitis model, and in the dextran 
sulphate sodium (DSS)-induced colitis, ESM-HDAC528 attenuated monocytes-to-
macrophages maturation in the colon and blunted response to inflammatory stimuli 
in peritoneal macrophages.

Materials and Methods

Compounds
ESM-HDAC528 and its non-hydrolysable HDAC800 control were provided by 
GlaxoSmithKline (Stevenage, UK).

Animals
The human CES1 transgenic mouse (CES1/Es1elo) was generated as described 
earlier [23,27].The transgenic mouse (CES1/Es1elo/Rag-/-) was generated by cross-
breeding human CES1 transgenic mouse (CES1/Es1elo) with the immunodeficient 
RAG−/− mouse. All animal studies were ethically reviewed and carried out in 
accordance with European Directive 2010/63/EEC, the guidelines of the Ethical 
Animal Research Committee of the University of Amsterdam, and the GSK Policy 
on the Care, Welfare and Treatment of Animals.

Murine colitis models
For DSS-induced colitis, CES1/Es1elo mice were given 2% dextran sulphate sodium 
(DSS; TdB Consultancy) for 7 days, followed by 2 days of normal drinking water. 
Simultaneously, mice received daily intraperitoneal (IP) injections of 1 or 3 or 10 mg/
kg of ESM- HDAC528 or vehicle until sacrifice. For T cell transfer colitis; CES1/ Es1elo/
Rag-/- mice received IP injection of CD4+CD45Rbhigh cells, isolated from spleens of 
C57BL/6 WT mice. Three weeks later; mice received daily IP injections of 3 mg/kg of 
ESM-HDAC528 or vehicle for another 4 weeks until sacrifice.
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Human clinical samples
The human biological samples were sourced ethically and their re- search use was 
in accord with the terms of the informed consents under an IRB/EC approved protocol 
or approval of the accredited Medical Ethics Committee at the Amsterdam UMC, 
University of Amsterdam.

Cytokine measurement
Cytokines were measured using either mouse inflammation CBA kit (BD 
Bioscience), Meso Scale Discovery (MSD) plates or enzyme-linked immunosorbent 
assay (ELISA) kits (R&D systems), according to the manufacturer’s protocol.

Flow cytometry analysis
All samples were acquired using a FACS Fortessa (BD Biosciences) and analysed using 
FlowJo software (Treestar Inc., Ashland, OR).

Mass cytometry analysis
Samples were acquired on a CyTOF Helios mass cytometer. Data were normalised 
using bead normalisation.[28] Deconvolution of pooled samples was performed 
by processing flow cytometry standard (FCS) files with the standard single-
cell debarcoding algorithm for CyTOF data [29]. Analysis were performed 
using R Studio. Clusters of phenotypically similar cells were identified using the 
FlowSOM-package [30].

Quantitative real-time polymerase chain reaction
RNA was isolated using RNeasy mini kit (Qiagen) and cDNA was synthesised using 
cDNA synthesis kit (Qiagen) following the manufacturer’s protocol. Quantitative 
polymerase chain reaction (PCR) was performed on a QuantStudio Flex 7 (Applied 
Biosystems) or a LightCycler 480 II (Roche Applied Science).

Immunofluorescence
Paraffin sections, prepared from surgically resected colons of CD patients undergoing 
colectomy at Amsterdam University Medical Center, were stained for CD68 (clone 
PG-M1, Dako), CES1 (poly- clonal, Novus Biologicals), and DAPI

In vitro human monocyte and macrophage assays
Freshly isolated CD14+ monocytes or GM-CSF differentiated macrophages were pre-
incubated for 1 h with ESM-HDAC528 or HDAC800, then stimulated with 1 ng/mL 
lipopolysaccharide (LPS) for 24 h. Supernatants were collected for cytokine analysis 
and cells were used for ATP bioluminescence assay.
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Mass spectrometry assay
Cell lysate samples were extracted using protein precipitation and directly injected 
onto the HPLC-MS/MS system. Analysis was con- ducted by reverse-phase HPLC-
MS/MS. Nominal MRM transitions for HDAC800, hydrolysed ESM-HDAC528, and 
parent ESM- HDAC528 were 391 to 178, 335 to 178, and 403 to 178, respectively.

Statistical analysis
The significance of the differences was analysed using Student’s t test, a Mann-
Whitney U test, and one-way or two-way analysis of variance (ANOVA), as indicated; 
p-values <0.05 were considered significant.

Results

ESM-HDAC528 is hydrolysed by CES1 and accumulates in human 
blood-derived CD14+ monocytes
ESM-targeted drug delivery technology depends on the expression and hydrolysing 
activity of CES1 in target cells, where an ESM-tagged compound is hydrolysed and 
retained [23] (Figure. 1A). First, we aimed to validate this technology using human 
monocytes as a model of CES1-expressing cells. Monocytes were incubated with 
ESM- HDAC528 or non-hydrolysable HDAC800 control compound; then both 
parent ester and hydrolysed acid of the compounds were measured intracellularly 
and in the supernatant (Figure. 1B). Monocytes retained little HDAC800, with no 
hydrolysed acid formed, whereas ESM-HDAC528 was retained more strongly, with 
efficient hydrolysed acid generation intracellularly. Concurrently, ESM-HDAC528 
parent ester was more consumed over time by monocytes compared with HDAC800 
parent ester, as measured in the supernatant, reflecting the enhanced take-up and 
consumption of the ESM-tagged compound. ESM-HDAC528 hydrolysed acid was 
gradually detected as well in the supernatant over time, indicating some active 
efflux activity (Figure. 1B).

In vitro differentiated inflammatory macrophages and dendritic cells 
show high CES1 expression 
Next, we aimed to profile CES1 gene expression within in vitro monocytes-derived 
macrophages and dendritic cells (DCs) subsets, to address their potential to retain 
ESM-HADC528. CES1 was found to be highly expressed in human monocytes, and its 
expression reduced upon differentiation into macrophages or immature DCs (imDCs) 
(Figure. 1C). However, an upregulation of CES1 expression was observed in mature 
DCs (mDCs) upon LPS-primed maturation (Figure. 1C).
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Furthermore, we aimed to validate the ability of macrophages and DC subsets to 
generate and retain the hydrolysed acids from ESM parent ester. Both macrophages 
and DCs showed efficient ESM-HDAC528 acid hydrolysis and intracellular retention 
following incubation with ESM-HDAC528 (Figure. 1D and E). Interestingly, mDCs 
did not show better ability to hydrolyse and retain ESM-HDAC528 compared with 
the imDCs (Figure. 1E), despite the upregulation of CES1 mRNA levels seen upon 
LPS maturation of DCs (Figure. 1C). These data demonstrate the efficient CES1-
mediated ESM-HDAC528 retention in mononuclear myeloid cell subsets, as well as 
the differential CES1 gene expression among these cell populations.

ESM-HDAC528 shows an enhanced anti- inflammatory effect in human 
blood monocytes compared with monocytes-derived macrophages
We next hypothesised that the observed differences in CES1 expression among 
mononuclear myeloid cell subsets might be reflected in differential ESM-
HDAC528 anti-inflammatory potency. Both human blood CD14+ monocytes and 
in vitro differentiated macrophages from matched donors were incubated with 
serial dilutions of ESM-HDAC528 or HDAC800, and then stimulated with LPS. ESM- 
HDAC528 compromised adenosine triphosphate (ATP) production in monocytes 
culture at 9.7 nM compared with 156.2 nM in macrophages (Figure. 1F–H). 
Meanwhile, the same doses of HDAC800 treatment did not affect ATP production 
either in monocytes or in macrophages (Figure. 1F–H). In monocytes, ESM-
HDAC528 strongly downregulated LPS-induced IL-6 and TNF-α production at low 
doses compared with HDAC800 control compound (Figure. 1G). This enhanced 
anti-inflammatory potency of ESM-HDAC528 was also observed in macrophages 
(Figure. 1I) but to a much lesser extent compared with donor-matched monocytes. 
The enhanced potency of ESM-HDAC528 over HDAC800 confirms the augmented 
effect of the ESM-HDAC528, mediated by CES1 activity. 

CES1 expression profiles in peripheral blood cells of healthy donors 
demonstrates higher expression in classical CD14++CD16- monocytes 
compared with non-classical CD14+CD16++ monocytes. 
We next aimed to explore CES1 expression in peripheral blood. Peripheral blood 
mononuclear cells (PBMCs) were isolated from healthy donors and analysed by 
flow cytometry for CES1 expression (Figure. S1, available as Supplementary data). 
Monocytes subsets were further characterised by CD14 and CD16 expression 
pattern (Figure. 2A) into classical monocytes (CD14++CD16-), intermediate 
monocytes (CD14++ CD16+), and non- classical monocytes (CD14+ CD16++). CES1 was 
specifically and highly expressed in monocytes, with no CES1 expression detected 
in CD3+ T and CD19+ B cells (Figure. 2B). 
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< Figure 1. Profiling ESM-HDAC528 accumulation and anti-inflammatory effect in mononuclear 
myeloid cell subsets. (A) Schematic diagram of ESM technology for CES1-based targeted drug delivery to 
mononuclear myeloid cells; ESM-tagged HDACi (parent ester) can freely move in and out CES1- cells but, once 
it enters CES1+ cells, it is hydrolysed by CES1 to the ESM-HDACi (hydrolysed acid) form of the compound 
which cannot leave the cells and is retained intracellularly, causing augmented HDACs inhibition.  
(B) Monocytes were incubated for 4 h with ESM-HDAC528 or non-hydrolysable HDAC800; the parent ester 
and hydrolysed acid of both compounds were measured both intracellularly and in the supernatant by 
LC-MS/MS. (C) CES1 mRNA expression in CD14+ monocytes, monocyte- differentiated macrophages 
and dendritic cells (imDCs), and LPS-polarised dendritic cells (mDCs). (D and E) Macrophages 
imDCs or mDCs were all incubated with ESM-HDAC528 for 4 h; the intracellular parent ester and its 
hydrolysed acid concentrations were measured by LC-MS/MS. (F and G) CD14+ isolated monocytes or  
(H and I) macrophages differentiated from the same donors were pre-incubated with ESM-HDAC528 or 
HDAC800 and stimulated for 1 day with LPS, and then ATP production, IL-6, and TNF-α secretion were 
measured. Data are represented as mean with SEM of three donors, two technical replicates for each. In  
(B, right panel), parent or hydrolysed forms of HDAC800 and ESM-HDAC528 were compared. In (F to I), 
similar doses of ESM-HDAC528 and HDAC800 treatment were compared. Statistical testing was performed 
using two-way ANOVA test (B, E, F, G, H, I) or one-way ANOVA or Student’s t test (C); *p ≤0.05, **p≤0.01,  
*** p ≤0.001, **** p ≤0.0001. SEM, standard error of the mean.

In the monocyte population, non-classical monocytes showed significantly less CES1 
expression compared with both classical and intermediate monocytes as identified 
by both frequency of CES1+ cells and geometric mean of intensity of CES1 expression 
(Figure. 2B). Next, using mass cytometry, we further investigated differential CES1 
expression in healthy donor PBMCs in more detail. Clusters of phenotypically 
similar cells were identified and shown in tSNE plots (Figure. 2C), the CES1 
expression pattern was shown to localise among monocyte populations clusters 
(Figure. 2D). The heterogeneity of monocyte populations was further dissected, 
showing the expression pattern of monocyte-related markers among the monocyte 
population (Figure. 2F). Interestingly, we could identify a CD14-CD16- population that 
expressed CD2 and α4β7 markers that have previously been linked to a DC precursor 
population [31, 32]. This CD2+ α4β7+ DC precursor population expressed a similar 
level of CES1 as did non-classical monocytes, and both express significantly less CES1 
compared with classical and intermediate monocytes (Figure. 2E). In conclusion, 
CES1 profiling in peripheral blood shows predominantly high CES1 expression 
among classical and intermediate monocyte populations and relatively less expression 
in non-classical monocytes.

CES1-expressing macrophages are enriched in inflamed CD 
intestinal mucosa
Next, we addressed the CES1 expression in intestinal mucosa in both healthy and 
inflamed conditions. In CD colon mucosa, immunofluorescent staining for CES1 and 
the pan-macrophage marker CD68 was performed in macroscopically inflamed and 
non-inflamed areas. CES1 was found to be expressed in a proportion of CD68+ cells in 
both inflamed and non-inflamed mucosa (Figure. 3A). 
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< Figure 2. CES1 expression profiling in peripheral blood monocyte populations reveals 
predominant expression in classical and intermediate monocytes. 
(A) Flow cytometry analysis of healthy donors PBMCs (n = 6) for CES1 expression within monocyte 
subsets, plots shown are gated on monocytes, identified by high FSC-A/ SSC-A; monocyte subsets are 
further distinguished by CD14/CD16 expression into; classical monocytes (CD14++CD16-), intermediate 
monocytes (CD14++CD16+), and non-classical monocytes (CD14+ CD16++). (B) Frequency of CES1+ cells 
among CD3+ T cells, CD19+ B cells and monocyte subsets are shown, geoMFI of CES1 among monocytes 
subsets are plotted. (C) tSNE plots show immune cell subsets in healthy donor PBMCs (n = 9). (D) CES1 
expression among clustered populations as analysed by mass cytometry. (E) Frequencies of CES1+ cells 
among identified CES1-expressing immune cell subsets are shown. (F) Monocyte diversity tSNE plots 
are generated to demonstrate expression levels of monocyte-related markers (CD14 – CD16 – CD2 – α4β7 
– CD45RO – CD45RA – CCR7 – CCR10) and CES1 among monocyte populations. The events identified as 
classical monocytes, intermediate monocytes, non-classical monocytes, and the CD2+a4b7+ myeloid cells 
were shown in the annotation of FlowSOM clusters. Data are represented as mean with SEM of six to 
nine patients, one technical replicate each. Statistical testing was performed using one-way ANOVA 
test or Student’s t test; *p ≤0.05, **p ≤0.01. SEM, standard error of the mean; PBMC, peripheral blood 
mononuclear cells.

The frequency of colon mucosal macrophages, as defined by CD68 expression, 
which express CES1 was higher in inflamed mucosa compared with non-inflamed 
mucosa (Figure. 3B). In line with earlier reports, CES1 was mainly expressed in CD68+ 

macrophages as quantified by percentage of CD68+ macrophages among CES1+ 

cells, confirming restricted CES1 expression among mucosal CD68+ mononuclear 
myeloid cells (Figure. 3B).

Furthermore, RNAseq data retrieved from Bujko et al. 2018 [33] were re-examined for 
CES1 mRNA expression, along with other myeloid cell-related genes, in peripheral 
blood monocytes (PBMo) and flow cytometry-sorted macrophages and dendritic 
cell subsets from small intestinal mucosa of patients undergoing a Whipple 
surgical procedure. CES1 showed higher expression in blood monocytes (PBMo) 
and intestinal immature macrophages (MF1: CD14+CD11c+HLA-DRint) queued, 
whereas more mature intestinal macrophage subsets (MF2: CD14+CD11c+HLA-
DRhi), (MF3: CD14+CD11c−CD11b−),and (MF4: CD14hiCD11c−CD11b+), as well 
as DC subsets (SP-DCs: CD103+SIRPα−), (DP-DCs: CD103+SIRPα+), and (CD103− 

DCs: CD103−SIRPα+), showed less CES1 expression (Figure. 3C). This observation 
was consistent with CES1 mRNA expression dynamics during in vitro monocyte 
differentiation (Figure. 1C). Interestingly we could observe ITGAX (CD11c), S100A8, 
S100A9, and S100A12 genes to be enriched in high CES1-expressing intestinal 
macrophages (MF1).



60 | Chapter 2

Figure 3. Profiling CES1 expression in non-inflamed and inflamed intestinal mucosa. 
(A) Immunofluorescence staining for CES1, CD68, and DAPI is shown within paraffin-embedded sections 
from surgically resected colons of CD patients (n = 4). (B) Quantification of CD68+ macrophages among 
CES1+ cells and CES1+ CD68+ macrophages among total CD68+ macrophages is shown. (C) Heat map of CES1 
gene expression along with some other differentially expressed myeloid cell-related genes expression is 
shown among peripheral blood monocytes (PBMo) and small intestinal macrophage and DCs subsets; 
data are retrieved from Bujko et al. 2018. RNAseq data, cells are flow cytometry sorted from small intestine 
of patients undergoing the Whipple procedure (n = 2-5). (D) Developmental trajectory analysis of intestinal 
mononuclear phagocytes (MNPs) is conducted on (Martin et al. 2019) a scRNAseq dataset of CD patient 
intestinal biopsies (n = 11). (E) Gene expression of CES1 and myeloid cell-related genes along the MNPs 
trajectory are demonstrated. Data are represented as mean with SEM of four patients, one technical 
replicate each. RNAseq expression values (log2) were median-centred by transcript. Statistical testing was 
performed using Student’s t test; *p ≤0.05. SEM, standard error of the mean; CD, Crohn’s disease.
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To examine CES1 expression development in intestinal mononuclear phagocytes 
(MNPs) of CD patients, a developmental trajectory analysis was conducted on 
scRNAseq data retrieved from Martin et al. 2019 [26] (Figure. 3D). There was lower CES1 
mRNA transcript expression in MNPs retrieved from this dataset as com- pared with 
Bujko et al.’s 2018 [33] dataset or protein expression as analysed by mass cytometry in 
PBMCs (Figure. 2D). Irrespectively, by analysing a developmental trajectory analysis for 
CD intestinal MNPs, CES1 was relatively enriched in differentiated macrophages along 
with S100A8, S100A9, and S100A12 genes that all follow the same pattern (Figure. 3E).

ESM-HDAC528 attenuates colon monocytes to macrophage 
differentiation and peritoneal macrophage reactivity in  
DSS-induced colitis
We next aimed to evaluate the therapeutic potential of ESM-HDAC528 in a mouse 
model. To achieve CES1 expression in mice, we made use of CES1/Es1elo transgenic 
mice that express human CES1 (hCES1) predominantly in a monocyte-macrophage 
lineage-selective manner, driven by a human CD68 promoter known from its 
expression pattern to reflect macrophage populations in the intestinal mucosa [34]. 
The ability of ESM-HDAC528 to accumulate in CES1/Es1elo mouse mononuclear myeloid 
cells was demonstrated both in vitro (Figure. S2A and B) and in vivo (Figure. S2E) 
by means of flow cytometry analysis of acetylated lysine expression as indirect measure 
of ESM-HDAC528 accumulation. Gene expression levels of hCES1 were shown 
to be similar across differently polarised CES1/Es1elo mononuclear myeloid cells 
(Figure. S2C). However, enhanced acetylated lysine expression upon ESM-HDAC528 
(50Nm) treatment of these cells showed higher activity in bone marrow-derived 
dendritic cells (BMDCs) compared with bone marrow-derived macrophages (BMDM) 
(Figure. S2D).

To evaluate the clinical relevance of the mononuclear myeloid cell-targeting 
approach by ESM-HDAC528, DSS colitis was induced in CES1/Es1elo mice using 2% 
DSS in drinking water. At the same time mice started to receive daily intraperitoneal 
injections of 1 or 3 mg/kg ESM-HDAC528 or vehicle (Figure. 4A). Both doses showed 
efficient targeting of ESM-HDAC528 to blood monocytes compared with other 
immune cells. The global acetylated lysine expression was particularly enhanced 
in blood monocytes (Figure. 4B), and a reduced frequency of monocytes was 
observed (Figure. 4C) when assessed 3 h after last injection at both tested doses. 
Despite efficient monocyte targeting of ESM-HDAC528, clinical improvement of 
colitis was limited to a number of clinical and biochemical parameters. Weight loss 
was significantly improved in a dose-dependent manner (Figure. 4D), although 
no significant effect was observed in dis- ease clinical activity index or colon 
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density (weight/length ratio) (Figure. 4E). Colon inflammation score was improved 
in mice dosed at 3 mg/kg, reflecting reduced mucosal ulceration and crypt loss 
(Figure. 4F). Colon inflammatory biomarkers (TNF-α, IL1β, CCL2, TLR4, S100A8, CXCL1, 
CXCL2, CXCR2) mRNA expression were measured. S100A8, CXCL1, CXCL2, and CXCR2 
mRNA levels tended to be reduced at both doses, whereas CCL2 and TLR4 were 
upregulated in ESM-HDAC528-treated mice only at the 3 mg/kg dose; but those 
trends did not meet significance in the groups tested. No change was detected in 
TNF-α or IL1β (Figure. 4G). However, serum levels of TNF-α, IL-10 and CCL2 were 
not significantly changed (Figure. 4H). In ESM-HDAC528-treated mice, peritoneal 
resident macrophages isolated at the end of the study showed a significantly 
reduced response to LPS (as assessed by IL-6 and TNF-α secretion) when cultured 
ex vivo (Figure. 4I).

Next, in a repeat experiment, mice were dosed at 3 and 10 mg/kg ESM-HDAC528 
or vehicle, following analyses of colon cell dynamics through flow cytometry. 
CD45+ live immune cells were identified and further analysed to define CD3+ 

T cells and Ly6G+ neutrophils. Monocytes and macrophages were defined as 
CD64+CD11b+CD11c- within CD3-Ly6G- gating and were differentiated by pattern 
of Ly6C and MHCII expression, with monocytes being Ly6Chigh/MHCIIlow and 
macrophages Ly6Clow/MHCIIhigh. DCs were defined as CD11c+ MHCII+ among 
CD3-Ly6G-CD64-CD11b- gating, and two subsets of DCs were further identified 
as CD11b+ and CD11b- DCs (Figure. S3A). ESM- HDAC528 treatment did not 
interfere with recruitment of total immune cells to the colon during inflammation 
(Figure. S3B), or with monocyte-macrophage population (CD64+CD11b+) 
recruitment in particular (data not shown). 

> Figure 4. ESM-HDAC528 improves clinical parameters in DSS-induced colitis and reduces 
peritoneal macrophage response to inflammatory stimulus.
(A) A scheme of the acute DSS colitis model experimental design. (B) Flow cytometry analysis of acetylated 
lysine expression within blood immune cells, 3 h after IP dosing, along with (C) frequency of blood monocytes 
across all groups. (D) Weight changes are indicated as percentage of initial body weight. (E) Colon density 
(weight/length ratio) and average disease activity index (DAI) were measured at sacrifice. DAI consisted of 
average scores of oedema (0–3), diarrhoea (0–3), and the presence of blood in the stool (0–3), with a maximal 
DAI of 3 points. (F) Colon histopathology scores were graded from 0 to 4 points as indicated in Table S1. 
Crypt loss and mucosal ulceration scores are highlighted.(G) Colon mRNA expression of inflammation 
biomarkers are shown. (H) Serum CCL2, TNF-α, and IL-10 are demonstrated. (I) Ex vivo retrieved peritoneal 
macrophages after mouse sacrifice were stimulated with LPS. TNF-α, IL-6, and IL-10 were quantified. Data 
are represented as mean with SEM, DSS groups (n = 10) and no DSS groups (n = 5), one technical replicate 
each. The DSS vehicle group is compared with the DSS compound-treated groups. In (E and F), the no-
DSS vehicle group is compared with the DSS-vehicle group as well. Statistical testing was performed 
using two-way ANOVA test (B, D) or otherwise one-way ANOVA test; *p ≤0.05, **p ≤0.01, *** p ≤0.001, 

**** p≤0.0001. SEM, standard error of the mean; DSS, dextran sulphate sodium.
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However, ESM-HDAC528 attenuated colon monocyte to macrophage tissue 
differentiation in a dose-dependent manner (Figure. 5A and B). Monocytes found 
in the colon (Ly6Chigh MHCIIlow) exhibited a less mature phenotype, with higher 
Ly6C expression and lower CD64 protein expression in ESM-HDAC528-treated 
groups (Figure. 5C). Colon macrophages (Ly6Clow MHCIIhigh) exhibited reduced 
CD64 but no impact on MHCII expression (Figure. 5D). Total DC frequency was 
not affected, but the DCs subset distribution was modulated, with enrichment of the 
CD11b+ subset compared with the CD11b- subset in a dose-dependent manner, 
but with no impact on MHCII expression in DCs (Figure. 5E and F). With regard 
to clinical outcome of the colitis, the 10 mg/kg dose did not lead to any additional 
improvement in disease activity or inflammation score compared with the 1 and 
3 mg doses (data not shown).

Figure 5. ESM-HDAC528 modulates colon mononuclear myeloid cell populations during  
DSS-induced colitis. 
Acute DSS colitis was induced as described earlier; mice were simultaneously treated with vehicle or 
ESM-HDAC528 (3 or10 mg/kg) and colon mononuclear myeloid cells were analysed by flow cytometry. 
(A) Representative expression of MHCII and Ly6C among colon monocyte and macrophage populations w 
ere compared across treatment groups. (B) Frequencies of colon monocytes and macrophages among parent 
population (CD11b+CD64+CD11c-) are shown. (C) GeoMFI of CD64 and Ly6C in colon monocytes are quantified. 
(D) GeoMFI of CD64 and MHCII in colon macrophages are quantified. (E) CD11b+ and CD11b- dendritic 
cell (DCs) subsets are identified among colon DCs and shown across treatment groups. (F) Frequencies 
of colon DC subsets among total colon DCs population are compared across vehicle and 10 mg/kg groups. 
Data are represented as mean with SEM, DSS groups (n = 10) and no DSS groups (n = 5), two or three 
mouse colon were combined per sample. The DSS vehicle group is compared with DSS compound-treated 
groups. Statistical testing was performed using one-way ANOVA test; *p ≤0.05, **p ≤0.01, *** p ≤0.001, **** 
p ≤0.0001. SEM, standard error of the mean; DSS, dextran sulphate sodium.
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ESM-HDAC528 significantly improves colon inflammation in a T cell 
transfer colitis model
Next, we tested the potential of 3 mg/kg ESM-HDAC528 to reduce colitis in a T cell 
transfer colitis model. To this end, we generated transgenic CES1/Es1elo/Rag-/- mice 
to transfer CD45Rbhigh T cells into a RAG-/- host overexpressing the hCES1 gene. 
Three weeks following transfer of CD4+45Rbhigh T cells, mice started to receive 
daily intraperitoneal injections of 3 mg/kg ESM-HDAC528 or vehicle (Figure. 6A). 
Efficient targeting of blood monocytes was observed, as assessed by enhanced 
global acetylated lysine expression in blood monocytes compared with other blood 
immune cells (Figure. 6B) along with reduced frequency of blood monocytes 
(Figure. 6C) when assessed 3 h after IP injection. Clinical improvement of colitis 
was apparent in ESM-HDAC528-treated mice: weight loss was reduced in the ESM-
HDAC528-treated group (Figure. 6D), and colon density and spleen weight were 
significantly improved compared with the vehicle-treated group. Additionally, the 
disease activity index (DAI) showed a trend towards improvement in ESM-HDAC528-
treated mice (Figure. 6E) and a reduced colon inflammation histological score was 
noted after ESM-HDAC528 as compared with controls (Figure. 6F). As shown in 
representative images of haematoxylin-eosin stained colon histology sections, ESM-
HDAC528-treated mice exhibited preserved crypt architecture along with reduced 
mucosal immune cell infiltration compared with colitis controls (Figure. 6G). A 
reduction in colon homogenate CCL2 protein expression was observed in ESM- 
HDAC528-treated mice (Figure. 6H). Finally, serum levels of IFN-γ, TNF-α, and CCL2 
were reduced in ESM-HDAC528-treated mice, but only the reduction of TNF-α 
reached significance (Figure. 6I).

Discussion

As the ESM drug delivery technology is based on the ability of CES1 to hydrolyse 
and retain the tagged compound in the targeted cells, we aimed to demonstrate 
that the ESM-HDAC528 is superior over non-ESM tagged HDAC800 to target 
mononuclear myeloid cells. Monocytes – as CES1 high expressing cells – showed 
efficient ability to hydrolyse and retain ESM-HDAC528. In comparison, non- 
hydrolysable HDAC800 control was minimally retained intracellularly. This was 
reflected in enhanced anti-inflammatory effect of ESM-HDAC528 in monocytes 
and to lesser extent, in macrophages. ESM-HDAC528 potently inhibited IL-6 
and TNF-α at doses 1000 times lower than non-hydrolysable HDAC800 control. 
Notably, only at higher dose ranges, ESM-HDAC528 also reduced intracellular 
ATP levels in both monocytes and macrophages. In this context, intracellular 
ATP levels were reported to positively correlate with cell proliferation and were 
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widely used as a method to assess cell proliferation and cytotoxicity [35] . The 
anti-inflammatory and anti-proliferative effects of ESM-HDAC528 were all 
absent with HDAC800 treatment at similar doses, despite having the same chemical 
potency, as a consequence of the CES1-mediated accumulation of ESM-HDAC528 
in monocytes and macrophages. Therefore administering low doses of ESM-
HDAC528 is expected to affect the CES1-expressing myeloid cells only. This 
feature will improve the tolerability and safety of HDACi therapeutic application 
through selectively targeting CES1-expressing inflammatory myeloid cells.

In the ex-vivo setting, differential CES1 expression was observed in both peripheral 
blood and intestinal mucosa of the healthy and the IBD environments. We defined 
populations of CD14+ and CD16+ monocytes in healthy donor peripheral blood 
expressing CES1 at single cell resolution using mass cytometry, and observed 
that CD14++CD16- classical monocytes showed higher CES1 expression compared 
with CD14+CD16++ non-classical monocytes. CES1 expression is also detected in 
CD2+α4β7+ DCs precursors at lower levels compared with CD14++CD16- classical 
monocytes, indicating that CES1 is expressed in mononuclear myeloid cells largely 
but not per se restricted to monocytes only.

In CD colonic mucosa, CES1 expression is largely seen in CD68+ tissue macrophages. 
This confirms earlier observations that show CES1 expression confined to the 
monocyte-macrophage population but not infiltrating DCs [36]. The CES1-
expressing macrophages were more abundant in inflamed mucosa compared with 
non-inflamed mucosa. This may be explained by upregulation of CES1 expression 
in macrophages in response to local inflammatory cues, as CES1 is shown to be 
regulated by inflammatory NF-κB signalling [37]. 

> Figure 6. ESM-HDAC528 improves colon inflammation in a T cell transfer colitis model. 
(A) A schematic of the T cell transfer colitis model experimental design. (B) Flow cytometry analysis of 
acetylated lysine expression within blood immune cells, 3 h after ip dosing, along with (C) frequency of blood 
monocytes across indicated groups. (D) Weight changes are indicated as percentage of body weight on 
the first day of treatment. (E) Colon density (weight/length ratio), spleen weight (mg), and total Disease 
Activity Index (DAI) were measured at sacrifice. DAI; consisted of total scores of oedema (0–3), diarrhoea 90–3), 
and the presence of blood in the stool (0–3), with a maximal DAI of 9 points. (F) Colon histopathology scores 
were graded from 0 to 4 points, as indicated in Table. S2. Total scores are calculated according to this formula 
(total score = goblet cell loss score + 2 x crypt loss score + 2 x crypt hyperplasia score + 3 x submucosal 
inflammation score). (G) Representative images of colon haematoxylin and eosin staining are shown.  
(H) Colon CCL2 and (I) serum IFN-γ, TNF-α, and CCL2 protein expression are shown. Data are represented as 
mean with SEM, transfer groups (n = 5) and no transfer group (n = 2): the transfer vehicle group is compared 
with transfer compound-treated groups. Statistical testing was performed using two-way ANOVA test (B, D) 
or otherwise Student’s t test; *p ≤0.05, **p ≤0.01, *** p ≤0.001. SEM, standard error of the mean.
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Another explanation could be the abundance of recently recruited CES1high 

classical monocytes to the inflamed colon and expansion of CES1high immature 
pro-inflammatory macrophages within inflamed colon. In line with that, CES1 
mRNA expression in the non-inflamed intestinal environment is highest in the 
CD14+CD11c+HLA-DRint immature macrophage population (MF1), a population that 
corresponds to the recently recruited monocytes in early stages of macrophage 
differentiation, in contrast to mature macrophages that show much reduced CES1 
expression [33]. Interestingly the CES1high MF1 population highly co-expressed 
S100A12, a previously reported reliable IBD biomarker that highly correlates 
with inflammation severity [38]. S100A12 is also enriched in inflammatory 
macrophages and neutrophils within intestinal mucosa and upon TLR2/1 ligand 
polarisation [39,40] . Concurrently, a developmental trajectory analysis of inflamed 
intestinal MNPs reveals relative enrichment of CES1 mRNA expression in intestinal 
macrophages, along with S100A12. Next to S100A8 and S100A9 (also known as 
calprotectin), S100A12 is specifically found in human inflammatory IBD tissue 
macrophages and neutrophils [41] and is known to correspond to disease severity 
[42]. Such S100A proteins can endogenously activate TLR4 and subsequently induce 
the NF-κB signaling pathway [43,44], which in turn upregulates CES1 expression in 
response to inflammatory stimuli [37]. This can explain the correlation between CES1 
and S100A protein expression in mononuclear myeloid cells.

Mononuclear myeloid cells play a major role in murine colitis models, driving both 
colon inflammation and healing [45]. In DSS-induced colitis, an innate immune 
cell driven model, inflammation is largely driven by recruitment of Ly6Chigh blood 
monocytes to colon and enrichment of pro-inflammatory signals (IL1β) in colon 
macrophages and DCs. Alternatively, CX3CR1high resident macrophages are essential 
to maintain colon homeostasis and tolerance [45]. In T cell transfer colitis, a T cell-
driven colitis model, mononuclear phagocytes are essential to process antigens and 
induce T cell activation and expansion in the colon [46]. Whereas the CD103- DCs 
subset promotes IFN-γ producing T cell differentiation, the CD103+ DCs subset is 
essential for Treg-mediated protective effect [47].

In both murine colitis models, ESM-HDAC528 demonstrated specific blood monocyte 
targeting at tested doses, as indicated by preferential enhanced lysine acetylation in 
monocytes This specific targeting reflects the restricted pattern of human CES1 
expression in our transgenic CD68 promoter-driven human CES1 mice, used in our 
in vivo studies, which results in expression of human CES1 in mononuclear myeloid 
cells and subsequent ESM-HDAC528 accumulation [23]. In this setting, a reduction in 
blood monocytes was observed. This is consistent with earlier reports showing loss of 
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PU.1 expression in murine macrophages and subsequently myeloid cell markers like 
CD11b and CD115 (c-fsm) following HDAC inhibition [48]. Given that PU.1 is a critical 
transcription factor to maintain monocyte-macrophage cell lineages [49], this effect 
may well explain the notable loss of circulating blood monocytes following ESM-
HDAC528 treatment.

When applied in vivo, ESM-HDAC528 partially reduced some endpoints of DSS-
induced colitis and concurrently affected mononuclear myeloid cell differentiation in 
the colon. In conjunction, peritoneal macrophages showed less LPS-induced cytokine 
responses. Similar effects were reported with the same compound in a peritonitis 
model [27]. Some colon inflammation biomarkers of mRNA expression were 
improved; this included CXCL1 and CXCL2, known targets of HDAC inhibition [50]. 
The increased CCL2 and TL4 expression in the colon might be a compensatory 
mechanism for impaired monocyte-macrophage responses due to the specific 
compound targeting. However, the clinical outcome of colitis was unexpectedly 
moderate, with alleviation of weight loss, colonic mucosal ulceration, and crypt 
loss. The observed effect of ESM-HDAC528 is likely mediated through a combination 
of reduced chemokine secretion as well as reduced tissue monocyte differentiation 
and macrophage reactivity, as, in earlier studies in DSS-induced colitis, blocking 
monocyte recruitment to the colon ameliorated colitis [51,52]. ESM-HDAC528 
targeted monocytes likely attain a reduced ability to induce gene expression 
allowing macrophages differentiation. Additionally, ESM-HDAC528 significantly 
improved multiple key clinical outcomes of T cell transfer colitis; attenuating colon 
inflammation and reducing serum IFN-γ, TNF-α, and CCL2. A reduced colon CCL2 
level was observed, a key inflammatory biomarker in this model [53] indicative of less 
severe colonic inflammation. HDAC inhibitors are reported to modulate DC functions, 
compromising T cell stimulatory capacity [54]  and secretion of IL-12 [54,55], a key 
Th1 polarising cytokine. HDAC inhibitor-treated DCs are less able to support Th1 
cell skewing, resulting in less T cell IFN-γ secretion [56], while supporting type 1 T 
regulatory cell polarisation [57] in agreement with our observations. The observed 
discrepancy between the outcomes of the two colitis models, may be attributed 
to their different predominant mechanisms driving inflammation [58]. Earlier studies 
show that macrophage-DC depletion strategies to aggravate DSS induced colitis 
largely, mediated by increased colon CXCL1 expression and neutrophils infiltration 
[59,60]. Several studies have addressed targeting DCs and macrophages in multiple 
murine colitis models, with conflicting outcomes [52,61,62]. This is largely attributed 
to the dual protective and inflammatory roles that these cell populations play in 
pathogenesis of colitis, depending on their phenotype or predominant subset.



70 | Chapter 2

Our data suggest that CES1 expression is more enriched in inflammatory subsets of 
mononuclear myeloid cells in the human setting. In contrast to that, transgenic CD68 
promoter-driven human CES1 expression in the murine system (CES1/ES1lo mice) 
shows similar CES1 expression and activity among different mononuclear myeloid 
cell subsets. Therefore, due to discrepancy between CES1 regulation in human vs 
transgenic murine systems, translating in vivo finding from murine studies to human 
should be done with care. A potential explanation of less efficacy in DSS-induced 
colitis model could be the universal targeting of all macrophages and DC subsets 
including anti-inflammatory subsets that play a role to limit colon inflammation 
in the DSS model; therefore any beneficial effect from targeting monocyte and 
pro-inflammatory macrophage subsets can be mitigated by dampening anti-
inflammatory subsets activity. Unlike in humans where CES1 seems to be more 
expressed in inflamed setting, a beneficial therapeutic effect can be potentially 
achieved by refining treatment dosing.

Together, we addressed CES1 expression in a variety of IBD intestinal tissue and 
established high CES1 expression in pro-inflammatory cells. Given their high 
sensitivity to HDACi, and strong potential to drive excess inflammatory pathology 
and tissue damage, our findings warrant further application of ESM-based small 
molecule delivery to specific target cells in IBD.
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Supplementary materials and methods

Compounds 
ESM-HDAC528 (also known as CHR-4487) and its non-hydrolysable HDAC800 control 
were provided by GlaxoSmithKline (Stevenage, United Kingdom). For in vivo studies, 
ESM-HDAC528 was dissolved in 0.9% NaCl saline containing 10% (2-Hydroxypropyl)-
ß-cyclodextrin (Sigma/Aldrich), 2% dimethyl sulfoxide (DMSO; Sigma/Aldrich) and 
dosed intra-peritoneally at 1, 3 and 10 mg/kg as indicated. For in vitro studies both 
compounds were dissolved in 100% DMSO and used at concentrations ranging from 
0.61 nM to 10 mM (0.245ug/L to 4.025mg/L).

Reagents and cytokines 
The following reagents were used in in vitro studies; HEPES (Thermofisher Scientific), 
L-glutamine (Thermofisher Scientific), penicillin/streptomycin (Lonza), foetal bovine 
serum (FBS; Serana), β-mercaptoethanol (Sigma), phosphate buffered saline (PBS; 
Thermofisher Scientific), calcium/magnesium-free Hank’s balanced salt solution 
(HBSS; Thermofisher Scientific), lipopolysaccharide  (LPS Escherichia  . coli 0111:B4 
or Salmonella Typh; Sigma), mouse interferon gamma (IFNγ; Peprotech) mouse 
interleukin 4 (IL-4; Peprotech), mouse granulocyte-macrophage colony-stimulating 
factor (GM-CSF; Peprotech), human granulocyte-macrophage colony-stimulating 
factor (GM-CSF; R&D Systems), human macrophage colony-stimulating factor (M-CSF; 
R&D Systems), human interleukin 4 (IL-4; R&D Systems).

Animals 
The human CES1 transgenic mouse (CES1/Es1elo) was generated as described earlier 
(1,2), by cross- breeding CES1 transgenic mice with naturally low plasma esterase 
(Ces1ce) Es1elo mice. This mouse strain expresses human CES1 predominantly in a 
monocyte-macrophage lineage-selective way, driven by a human CD68 promoter 
(3)and therefore represents an attractive candidate gene for the generation of a Mφ-
specific gene-targeting vector. A transgene expression cassette that combines 2·9 kb 
of CD68 5' flanking sequence with the 83-bp first intron (IVS-1 and has low plasma 
esterase activity. The mice were brought from Genoway (Lyon, France) and further 
bred in the animal facility of the Amsterdam University Medical Center, Amsterdam. 
The transgenic mouse (CES1/Es1elo/Rag-/-) was generated by cross-breeding human 
CES1 transgenic mouse (CES1/Es1elo) with the immunodeficient RAG−/− mice. All mice 
were genotyped using primers provided in Table 3. All animal studies were ethically 
reviewed and carried out in accordance with European Directive 2010/63/EEC, the 
guidelines of the Ethical Animal Research Committee of the University of Amsterdam 
and the GSK Policy on the Care, Welfare and Treatment of Animals.
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DSS colitis model 
Ten- fourteen week old female CES1/Es1elo mice were given 2% Dextran sulfate 
sodium (DSS; TdB Consultancy) in their drinking water for 7 days, followed by 2 
days of normal drinking water. Simultaneously, mice received daily intra peritoneal 
(IP) injections of 1 or 3 mg/kg (and 3 or 10 mg/kg in a repeat experiment) of ESM-
HDAC528 or vehicle until sacrifice. This regimen was based on earlier pharmacokinetic 
and pharmacodynamics data originating from the murine collagen-induced model 
of rheumatoid arthritis (2) as well as data generated from a pharmacokinetic studies 
performed by GSK (data not shown). During the study, body weight and behavior 
were monitored daily. After 9 days, the animals were sacrificed and the colon, blood, 
and spleen were collected, peritoneum lavage was conducted as described below 
for ex vivo peritoneal macrophage culture, and wet weight of colon was recorded 
together with the total length of the colon. The disease activity index (DAI) score – 
consisting of average scores of weight loss, diarrhea, and the presence of blood in 
the stool - was used to determine the clinical outcome of DSS-induced colitis on the 
day of sacrifice. The colon was washed and cut longitudinally in half, and one part 
was processed for histology, the other part was snap frozen for later cytokine mRNA 
expression analysis or processed for flow cytometry analysis. 

T cell transfer colitis model
We applied the T cell transfer model as follows; CD4+CD45Rbhigh cells were isolated 
from spleens of C57BL/6 WT mice by magnetic bead depletion using dynabeads™ 
sheep anti-rat IgG (ThermoFisher), anti-CD11b (Biolegend), anti-CD45R (Sony) and 
anti-CD8a (Biolegend) followed by fluorescence-activated cell sorting using anti-
CD45RB-FITC and anti-CD4-PE/Cy5 (BD Bioscience). Ten to fourteen weeks old female 
CES1/Es1elo/Rag-/- mice received intraperitoneally 4.75 × 105 CD4+CD45Rbhigh cells; 
mice that did not receive T cells transfer served as control groups. Three weeks 
following transfer; mice received daily intra peritoneal (IP) injections of 3 mg/kg 
of ESM-HDAC528 or vehicle for another 4 weeks until sacrifice. Body weight was 
assessed three times a week then daily after start of compound treatment until 
sacrifice. Animals losing > 20% from their highest weight or showing sickness 
behavior were euthanized before 7 weeks and were excluded from the analysis. 
After 7 weeks, the animals were euthanized and the colon, blood, and spleen were 
collected. Spleen weight, wet weight of colon and colon total length were recorded. 
Colon density (weight / length ratio), an indicator of colon edema, was assessed. The 
disease activity index (DAI) score – consisting of total scores of colon thickness (0-3), 
diarrhea (0-3), and the presence of blood in the stool (0-3) – was used to determine 
the clinical outcome of the colitis on the day of sacrifice. Each colon was washed and 
cut longitudinally in half, and one part was processed for histology, the other part 
was snap frozen for subsequent cytokine protein expression analysis.
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Histopathology
Murine colon tissue was fixed in 10 % formalin and embedded in paraffin for 
routine histology. A blinded and experienced researcher evaluated formalin-fixed 
hematoxylin-eosin-stained tissue sections microscopically and scored the sections. 
For DSS model; scoring was evaluated based on the extent of the area involved, 
the number of follicle aggregates, edema, fibrosis, hyperplasia, erosion/ulceration, 
crypt loss, and infiltration of granulocytes and mononuclear cells as indicated in the 
Table S1. The total inflammation score was calculated as the average score of the 
above. For the T cell transfer model; scoring was evaluated as described earlier [4], 
based on goblet cell loss, crypt loss, crypt hyperplasia and submucosal inflammation 
as indicated in the Table S2. The total scores are calculated according to the formula 
(total score = goblet cell loss score + 2 x crypt loss score + 2 x crypt hyperplasia score 
+ 3 x submucosal inflammation score).

Mice colon and serum cytokines measurement
Frozen colon tissue was homogenized on ice in lysis buffer (150 mM NaCl, 15 
mM Tris, 1 mM MgCl·6H2O, 1 mM CaCl2, 1% Triton) with added protease inhibitor 
cocktail (Roche Applied Science), pH 7.4, diluted 1:1 with PBS. Blood was collected 
via cardiac puncture following mice sacrifice, allowed to clot at room temperature, 
then centrifuged and serum was collected. In colon tissue lysates or serum, protein 
concentrations of IL-6, IL-10, TNF-α, IFN-γ, IL-12 and CCL2 were measured with a 
mouse inflammation kit by BD cytometric bead assay (BD Bioscience) according to 
the manufacturer’s protocol. Some cytokines were below detection limits of the kit, 
therefore only cytokines that were high enough to be reliably detected were shown. 
Colon protein expression was normalized to total protein per sample as measured 
by BCA Protein Assay Kit (Pierce).

Ex vivo peritoneal macrophage assay 
Upon sacrifice, the peritoneum was flushed with 10 mL ice cold PBS and the flush was 
collected. Flushed cells were cultured at a density of 1x10^6 cells/ mL in 24-well tissue 
culture plates in RPMI-1640 medium containing 25 mM HEPES, 2 mM L-glutamine, 
100 U/mL penicillin/streptomycin, and 10% FBS. After 24 hours, non-adherent 
cells were washed away, and the adherent cells (macrophages) were left without 
stimulation or stimulated for another 24 hours with 10 ng/mL LPS. Supernatants 
were collected for IL-6, TNF-α and IL-10 protein quantification.

Bone marrow derived macrophage and dendritic cell culture 
Bone marrow was harvested from the femurs of CES1/Es1elo or WT mice by flushing. 
For bone marrow derived macrophages (BMDM), cells were cultured in triple-
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vented, 145mm, sterile Petri dish (Sigma/Aldrich), in 25mL L929-conditioned culture 
medium (ATCC, Manassas, VA, USA) for 6 days, 10 mL. Fresh medium was added on 
day 3. On day 6, BMDM were harvested with cold PBS, plated out at 2x106 cells/
mL in 6-well culture plate in BMDM medium (RPMI-1640 containing 25mM HEPES, 
2mM L-glutamine, 100 U/mL penicillin/streptomycin, and 10% FBS) and polarized 
for further 2 days with 50 ng/mL IFNγ (for MIFNg) or 40 ng/mL IL-4 (for MIL-4) or BMDM 
medium (for M0). For Bone marrow derived dendritic cells (BMDCs), cells were 
cultured in the presence of 20 ng/mL GM-CSF for 6 days in BMDCs medium (RPMI-
1640 containing 25mM HEPES, 2mM L-glutamine, 100 U/mL penicillin/streptomycin, 
10% FCS and 4x10^-6 % β-mercaptoethanol). Media was refreshed at days 3 and 6. On 
day 7, BMDCs were harvested and plated out in 1x106 cells/mL in 24-well culture plate 
with or without 10 ng/mL LPS for 1 day to generate mature dendritic cells (mDCs). 
At the end of culture, cells were harvested for RNA isolation or further incubated 
for 4 hours with 50 nM ESM-HDAC528 or DMSO (0.00025 %) for subsequent flow 
cytometry analysis of acetylated lysine levels. 

Flow cytometry analysis of murine blood and colon tissue
For ex vivo mouse blood flow cytometry analysis, 100 μL of blood was collected from mice 
3 h after i.p. injection of ESM-HDAC528 or vehicle. The blood was stained for immune 
cells surface markers and intracellular acetylated lysine as described previously [1], using 
anti-CD3-AlexaFlour700 (clone 500A2, Biolegend), anti-B220-Pacific Blue (clone RA3-
6B2, Biolegend), anti-Ly6G-FITC (clone 1A8, Biolegend), anti-Ly6C-BV510 (clone HK1.4, 
Biolegend), anti-CD11b-Percp (clone M1/70, Biolegend), anti-CD115-PECy7 (clone AFS98, 
Biolegend) and anti-PanAck-AlexaFlour647 (clone 15G10, Biolegend) antibodies.

For analysis of murine colonic tissue, colons were removed and cut in half longitudinally; 
one part was used for flow cytometry analysis, the other for histological assessment. 
Two colons were pooled, cut into pieces and washed with PBS. Subsequently, colon 
pieces were incubated in HBSS supplemented with 5 mM EDTA and 2% FBS for 20 
minutes while shaking. Cells and remaining tissue were pelleted, minced very finely, 
and incubated for 40 min while stirring at 37°C with HBSS supplemented with 2% FCS, 
62.5 µg/mL Liberase TL, and 200 µg/mL DNase I (both enzymes from Roche Applied 
Bioscience). Suspensions were then passed through a cell strainer, pelleted and stained. 
Cells were washed with FACS buffer (0.5% BSA, 0.01% NaN3 in PBS), and stained for 
CD45-APC/CY7 (clone F11 , Biolegend), CD3-AF700 (clone 500A2, Biolegend), Ly6G-
FITC (clone 1A8, Biolegend), CD11b-Percp (clone M1/70, Biolegend), CD11c (clone 
HL3, Biolegend), CD64-PE (clone X54-5/7.1, Biolegend), Ly6C-BV510 (clone HK1.4, 
Biolegend) and MHCII-PE7 (clone AF6-120.1, Biolegend). Cells were then stained with 
DAPI to discriminate live cells. 
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Flow cytometry analysis of human PBMC
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood using 
Ficoll density centrifugation, washed in FACS Buffer and stained for CD3-PE (clone 
HIT3a, Biolegend), CD19-PerCP/Cy5.5 (clone HIB19, Biolegend), CD14-FITC (clone 
M5E2, Biolegend) and CD16-BV421 (clone 3G8, BD). Cells were then fixed and 
permeabilized using FIX & PERM Cell Permeabilization kit (ThermoFisher), stained 
with CES1 antibody (polyclonal, Thermo Scientific) then goat anti-rabbit secondary 
antibody, AF647 (Invitrogen). All samples were acquired using a FACS Fortessa (BD 
Biosciences) and analyzed using FlowJo software (Treestar Inc., Ashland, OR). All 
clinical samples were collected with patient consent; the accredited Medical Ethics 
Committee at the Amsterdam UMC, University of Amsterdam approved the protocol. 

Mass cytometry of human PBMC
Antibodies; the details of the antibody mass cytometry panel (including clone, metal 
tag, and supplier) are listed in Table S4. The antibodies that were not purchased 
from Fluidigm were conjugated using the MAXPAR X8 Metal Labeling Kit (Fluidigm), 
following manufacturer’s instructions. After conjugation, antibody recovery was 
determined on a spectrophotometer (Nanodrop, ThermoFisher) at 280 nm and 
validated in a test staining with a positive control. 

Staining and barcoding
Cryopreserved PBMCs, previously collected from healthy donors (n=9) were thawed, 
washed with Cell Staining Buffer (CSB, Fluidigm), and incubated with Human TruStain 
FcX™ Fc Receptor Blocking Solution (Biolegend). Cells were stained with a cocktail 
of metal-conjugated antibodies against cell surface markers (CCR4, CCR5, CXCR3, 
α4β7, CCR9, CCR10), washed and fixed with 1.6% paraformaldehyde (PFA). Cells were 
permeabilized by Maxpar Barcode Perm Buffer (Fluidigm), incubated with mass tag 
barcodes in permeabilization buffer, and then stained with antibodies against surface 
targets. For intracellular staining, cells were washed and incubated with antibodies 
for intracellular markers (CES1 and CTLA-4), washed and then stained with goat anti-
rabbit antibody, AF647 (Invitrogen) as a secondary staining for CES1. After washing 
with CSB, antibodies were fixed with 1.6% PFA, washed and incubated overnight 
with 191/193Ir DNA intercalator (1:4000) diluted in Fix-and-Perm Buffer (Fluidigm). The 
next day cells were washed before acquisition on the CyTOF3-Helios.

Mass cytometry data acquisition
0.1X EQ Four Element Calibration Beads was prepared using Maxpar cell acquisition 
solution (CAS) and used as a carrier fluid for the cell samples. Samples were acquired 
on a CyTOF Helios mass cytometer at a rate of 200-250 events/second. Data were 
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normalized using bead normalization [5]. Deconvolution of pooled samples was 
performed by processing FCS files with the standard single-cell debarcoding algorithm 
for CyTOF data [6]. 

Mass cytometry data analysis
FCS files were uploaded into Cytobank [7] for analysis and quality control. Signal 
intensities and sample acquisition rates were reviewed for stability over time and 
events gated based on the condition that flow was stable, excluding calibration 
beads, and within the 90 % percentile of all Gaussian parameters. Afterwards, CD45+ 

live cells were selected through sequential gating as described before [8]. CD45+ live 
cells were further analyzed using R Studio. Clusters of phenotypically similar cells 
were identified using the FlowSOM-package [9]. Initial SOM-clustering was set to 
225 clusters, using markers listed in Table 4. The 225 formed clusters were manually 
metaclustered according to their phenotype lineages. For visualization and cluster 
interpretation we performed a tSNE dimensionality reduction in R using the same 
markers as the FlowSOM clustering as input, except CCR9 and CCR10. 10,000 events 
from each sample were randomly sampled to prevent overcrowding of the tSNE 
space. Perplexity was set at 30, theta at 0.5 and the number of iterations at 1500. 
A subsequent tSNE projection was performed only on events metaclustered and 
identified as monocytes, using all antibody marker parameters.

Quantitative real time PCR
RNA was isolated using RNeasy mini kit (Qiagen) following the manufacturer’s 
protocol. For human samples; cDNA was synthesized using cDNA synthesis kit 
(Qiagen) following the manufacturer’s protocol. Quantitative PCR was performed 
using SensiFAST SYBR No-ROX (GC Biotech) on a QuantStudio Flex 7 (Applied 
Biosystems) to analyze expression levels of human CES1 using QuantStudio real time 
PCR software. For murine samples, cDNA was synthesized using deoxynucleotide 
triphosphates (Thermo Fisher Scientific), Random primers (Promega), Oligo dT 
primers (Invitrogen), Revertaid, and Ribolock (both Fermentas). Murine samples were 
run on a LightCycler 480 II (Roche Applied Science) to analyze expression levels of 
human CES1, murine TNFα, IL1β, CCL2, TLR4, S100A8, CXCL1, CXCL2 and CXCR2 using 
LinRegPCR software. For normalization, human UBB or mouse NONO and TBP were 
used as reference genes. Primers are listed in Table 3.

Immunofluorescence
Paraffin sections prepared from surgically resected colons of CD patients undergoing 
colectomy at Amsterdam University Medical Center were used, clinical characteristics 
of patients are provided in Table S5. Sections from macroscopically inflamed and 
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non-inflamed areas of the colon were deparaffinized, then slides were treated at 
96°C for 5 minutes in 10 mM sodium citrate buffer pH 6.0 for antigen retrieval and 
cooled afterwards. PBT (PBS, 0.1% Triton X-100, 1% BSA) were used for blocking then 
slides were incubated for 2 hours at room temperature (RT) with PBT containing 
anti-CD68 (clone PG-M1, Dako) and anti-CES1 (polyclonal, Novus Biologicals). Slides 
were washed in TBS buffer (ddH2O containing 50nM Tris, 160 mM NaCl) and stained 
at RT with secondary antibodies labeled with a  fluorescent dye  (AlexaFluor 546 
or AlexaFluor 488, polyclonal, Invitrogen). Slides were washed in TBS buffer and 
mounted with ProLong Gold Antifade reagent along with  DAPI  (Thermo Fisher 
Scientific). Images were taken with Leica DM6000 microscope using LAS AF software 
(Leica, Wetzlar, Germany). Counting cells positive for CD68 and CES1 was performed 
manually by a blinded researcher. Objective: X 20. All clinical samples were collected 
with patient consent, the accredited Medical Ethics Committee at the Amsterdam 
UMC, University of Amsterdam approved the protocol. 

In vitro human monocyte and macrophage assays 
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood using 
Ficoll density centrifugation. CD14+ monocytes were isolated from the PBMC with 
a positive selection kit (Miltenyi Biotech). For macrophage generation, CD14+ 
monocytes were incubated with 5 ng/mL GM-CSF for 5 days to generate macrophages. 
Freshly isolated CD14+ monocytes or GM-CSF differentiated macrophages were 
then pre-incubated for 1 hour with ESM-HDAC528 or HDAC800 serially diluted (10 
µM-0.61 nM final concentrations), then stimulated with 1 ng/mL LPS for 24 hours. 
Supernatants were then collected for cytokine analysis and cells were used for ATP 
bioluminescence assay. For CES1 expression analysis and mass spectrometry assays, 
immature DCs (imDCs) were generated after 5 days of CD14+ monocyte incubation 
with 30 ng/mL GM-CSF and 20 ng/mL IL-4, then further matured for 1 day with 1 
ng/mL LPS to generate mDCs. For mass spectrometry assay, the cells were further 
incubated with ESM-HDAC528 (1 µM) for 4 hours, supernatants were harvested at 
0, 0.5, 1, 2 and 4 hours. The cells were lysed after 4 hours with M-PER (Mammalian 
Protein Extraction Reagent) buffer and used for both mass spectrometry analysis 
of parent and hydrolyzed forms of ESM-HDAC528 and HDAC800. The culture 
media used for incubation was RPMI 1640 medium supplemented with 10% FBS, 
2  mM  l-glutamine, and 100  U/mL penicillin/streptomycin. The human biological 
samples were sourced ethically and their research use was in accord with the terms 
of the informed consents under an IRB/EC approved protocol.



83|ESM-HDAC Inhibitor in Inflammatory Bowel Disease

2

Mass spectrometry assay
The analytical internal standard used in the HPLC-MS/MS quantification of samples 
was Labetalol with all concentrations and supporting data expressed in terms of 
free base. Cell lysate samples were matrix matched with MPER buffer (Thermo Fisher 
Scientific). Samples were extracted using protein precipitation with acetonitrile 
containing the internal standard Labetalol at 62.5 ng/mL. Samples were capped, 
mechanically shaken then centrifuged. The protein precipitated samples then were 
directly injected onto the HPLC-MS/MS system for analysis, or (in one experiment) 
first evaporated to dryness under a stream of nitrogen, then reconstituted in 
acetonitrile (1:10 diluted in water) before analysis. Analysis was conducted by reverse 
phase HPLC-MS/MS using a heat assisted electrospray interface in positive ion mode. 
Nominal MRM transitions for HDAC800, hydrolysed ESM-HDAC528 and parent 
ESM-HDAC528 were 391 to 178, 335 to 178 and 403 to 178, respectively. Samples 
were assayed against calibration standards prepared using a Tecan D300e digital 
dispenser. Stock solutions (0.01 & 0.2 mg/mL) were added for dispensing standard 
concentrations into control matrix over the range 0.1 to 8000 ng/mL. The lower limit 
of quantification was 0.4 ng/mL for HDAC800 and parent ESM-HDAC528 and 0.2 ng/
mL (or 0.8 ng/mL in another experiment) for hydrolysed ESM-HDAC528. 

Human cytokine measurement 
Cytokines were measured in supernatants using either Meso Scale Discovery (MSD) 
plates or enzyme-linked immunosorbent assay (ELISA) kits (R&D systems) according to 
the manufacturer’s protocol. For MSD assay; plates were read on an MSD Sector Imager 
S 600 Reader and data were analyzed using Discovery Workbench 4.0.12.1 software. 

ATP luminescence assay 
The CellTiter-Glo® Luminescent Cell Viability Assay was performed according to the 
manufacturer’s protocol (Promega, UK). This assay quantifies ATP, an indicator of 
metabolically active cells. In brief, CellTiter-Glo Substrate and CellTiter-Glo Buffer 
were combined then added to cells (1:1) ratio, incubated for 5 minutes with shaking. 
Viability was assessed by measuring luminescence immediately using Envision. Data 
were normalized to the DMSO control. 

Bioinformatics analysis of publically available RNAseq data 
The analysis performed was identical to what was published before [10]mainly 
expressed in immune cells, which contains multiple domains suggestive of an 
epigenetic reader function; namely a bromodomain, a PHD domain and a SAND 
domain. Single nucleotide polymorphisms and epigenetic modifications in the 
SP140 locus have been linked to autoimmune and inflammatory diseases including 
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Crohn’s disease (CD. In brief, single-cell RNA-sequencing data from 11 involved and 
11 paired uninvolved ileal biopsies was downloaded from the sequence read archive 
(SRP21627323) [11]. Cellranger (v3.1.0) was used to map the raw reads against 
GRCh38 and generate the unique molecular identifier (UMI) count matrices. The 
resulting UMI count matrices were then imported into the R statistical environment 
(v4.0.2) whereupon the samples were analyzed in an integrative fashion using Seurat 
(v4.0) [12]. The mononuclear phagocyte cells were identified based on the expression 
of monocyte markers (CD14 and FCGR3A), macrophage markers (CD163 and CD68), 
and dendritic cell markers (CLEC4A and CD1C). The MNP cells were then subsetted 
and subjected to trajectory inference using slingshot (v1.8) [13] on the 2000 most 
variable genes.

Statistical analysis 
Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software). For 
analysis between two groups, non-parametric data were subjected to a Mann-Whitney 
U test and parametric data were subjected to a T-test. For multi-group analysis, non-
parametric data were subjected to one-way ANOVA (Kruskall Wallis) followed by Dunn’s 
post hoc analysis or two-way ANOVA test. P-value (p) < 0.05 was considered significant 
and was illustrated at p ≤ 0.05 (*), 0.01 (**), 0.001 (***) or 0.0001 (****).
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Supplementary figures 

Figure S1. Flow cytometry analysis of human PBMCs from healthy donors. 
Gating strategy for flow cytometry analysis of CES1 expression among T cells, B cells and monocytes subsets 

> Figure S2. ESM-HDAC528 specifically targets murine mononuclear myeloid cells both in vivo 
and in vitro in CES1\ES1lo mice. 
(A) Flow cytometry plots of bone marrow derived macrophage (BMDM) from both WT and CES1/Es1lo 
mice, treated with ESM-HDAC528 or DMSO and stained for acetylated lysine. (B) geoMFI of acetylated 
lysine expression were quantified, WT and CES1/Es1lo BMDM were compared (C) Human CES1 mRNA 
expression is shown among in vitro polarized BMDM and bone marrow derived dendritic cell (BMDC) 
subsets, generated from CES1\Es1lo mice. (D) In vitro generated BMDM and BMDC subsets were 
incubated with ESM-HDAC528 (50nM) or DMSO, acetylated lysine expression was assessed by flow 
cytometry and geoMFI was quantified, values are presented as fold change to DMSO control of each 
cell subset. (E) CES1/Es1lo mice received 3mg/kg ESM-HDAC528 or vehicle, 3 hours later acetylated lysine 
expression was analyzed by flow cytometry among blood immune cells, geoMFI of acetylated lysine 
expression was quantified within each cell types and compared across the groups. Data are represented 
as mean with SEM, n=2-3 for in vitro studies and n=5 for in vivo studies. Statistical testing was performed 
using two-way ANOVA test (B, E) or otherwise one-way ANOVA test, *P ≤ 0.05, **P ≤ 0.01, **** P ≤ 0.0001
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Figure S3. Flow cytometry analysis for murine colon immune cells. 
(A) Flow cytometry analysis of murine colon mononuclear myeloid cells in DSS induced colitis model. (B) 
Frequency of total colon CD45+ live cells are shown across all mice groups. Data are represented as mean 
with SEM, DSS groups (n=10) and no DSS groups (n=5), 2-3 mice colon were combined per sample. No 
DSS vehicle group is compared to DSS vehicle group. Statistical testing was performed using one-way 

ANOVA test, **** P ≤ 0.0001.

Supplementary Tables

Table S1: inflammation score (DSS colitis model).

Score 0 1 2 3 4

Area involved 0% 1-10% 10-25% 25-50% > 50%

Follicles
Normal 

(0-1)
Minimal (2-3) Mild (4-5) Moderate (6-7) Severe (>7)

Edema Absent Minimal Mild Moderate Severe

Fibrosis Absent Minimal Mild Moderate Severe

Erosion/
ulceration

0% 1-10% 10-25% 25-50% >50%

Crypt loss 0% 1-10% 10-25% 25-50% > 50%

Granulocytes Normal
Minimal 
increase

Mild 
increase

Moderate 
increase

Severe 
increase

Mononuclear 
cells

Normal
Minimal 
increase

Mild 
increase

Moderate 
increase

Severe 
increase



89|ESM-HDAC Inhibitor in Inflammatory Bowel Disease

2

Table S2: inflammation score (T cell transfer colitis model).

Score 0 1 2 3

Goblet cell loss 0% <10% 10-50% > 50%

Crypt density Normal
<10% decrease in 

density
>10% decrease in 

density
---

Hyperplasia None
slightly increased 

crypt length
2 to 3 times increase 

in crypt length
>3 times increase

in crypt length

Submucosal
infiltrate

None
individual 
infiltrating

cells
infiltrates large infiltrates

Table S3: primers 

Gene Forward sequence Backward sequence

m-TNFα TGGAACTGGCAGAAGAGGCACT CCATAGAACTGATGGAGGGAGGC

m-IL1β GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG

m-CCL2 AGGTCCCTGTCATGCTTCTG TCTCCAGCCTACTCATTGGG

m-TLR4 TGTCATCAGGGACTTTGCTG TGTTCTTCTCCTGCCTGACA

m-S100A8 ACTTCGAGGAGTTCCTTGCG TGCTACTCCTTGTGGCTGTC

m-CXCL1 CCACACTCAAGAATGGTCGC TCTCCGTTACTTGGGGACAC

m-CXCL2 CCCAGACAGAAGTCATAGCCAC TGGTTCTTCCGTTGAGGGAC

m-CXCR2 GCTCACAAACAGCGTCGTAGA AGAATAGAGGGCATGCCAGA

Es1e (for genotyping) TTGCCCACTTCTCAGCAC CTACGTCCCTAACCTCACATACTC

h-CES1 (for genotyping)
GAAGGTCAACTGCATAGTGAG-

TTTTAGGTTATGGCGACCCGCAG
CCTGAATTTTAGGCCAGCAAG

m-TBP ACCGTGAATCTTGGCTGTAAAC GCAGCAAATCGCTTGGGATTA

m-NONO AAAGCAGGCGAAGTTTTCATTC ATTTCCGCTAGGGTTCGTGTT

h-UBB CGGCAAGACCATCACTCTGG AAAGAGTGCGGCCATCTTCC

h-CES1 
(for mice samples)

GGAACAGACGACACTGTCAAA GCTCCAGCATCTCTGTGGTT

h-CES1 
(for human samples)

CAAAGACTGGGGTCTTTTGC AGCCATGGTAAGATGCCTTC
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Table S4: Mass cytometry antibodies.

Target protein Clone Metal Source
Used in high dimensional 
clustering and initial tSNE 

projection

Cell identification

Barcodes 103-110Pd Fluidigm

Iridium 191-193Ir Fluidigm

Cisplatin 194-195Pt Fluidigm

Antibody markers

CD45 HI30 89Y Fluidigm Yes

CD49d 9F10 141Pr Fluidigm Yes

CD11a HI111 142Nd Fluidigm Yes

CD5 UCHT2 143Nd Fluidigm Yes

CD195 (CCR5) NP-6G4 144Nd Fluidigm Yes

CD4 RPA-T4 145Nd Fluidigm Yes

CD8a RPA-T8 146Nd Fluidigm Yes

CD7 CD7-6B7 147Sm Fluidigm Yes

CD25 (IL-2R) 2A3 149Sm Fluidigm Yes

CD2 TS1/8 151Eu Fluidigm Yes

CD14 61D3 154Sm eBioscience Yes

CD183 (CXCR3) G025H7 156Gd Fluidigm Yes

CD194 (CCR4) L291H4 158Gd Fluidigm Yes

CD197 (CCR7) G043H7 159Tb Fluidigm Yes

CD28 CD28.2 160Gd Fluidigm Yes

CD69 FN50 162Dy Fluidigm No

CD161 HP3G10 164Dy Fluidigm Yes

CD45RO UCHL1 165Ho Fluidigm Yes

CD44 BJ18 166Er Fluidigm Yes

CD27 323 167Er Fluidigm Yes

CD45RA HI100 169Tm Fluidigm Yes

CD3 UCHT1 170Er Fluidigm Yes

CD57 HCD57 172Yb Fluidigm Yes

HLA-DR L243 174Yb Fluidigm Yes

CD127 (IL-7Ra) A019D5 176Yb Fluidigm Yes

CD16 3G8 209Bi Fluidigm Yes

CCR10 314305 148Nd R&D Systems No
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Table S4: Continued

Target protein Clone Metal Source
Used in high dimensional 
clustering and initial tSNE 

projection

CD134 (OX40) ACT35 150Nd Fluidigm No

CD95 (Fas) DX2 152Sm Fluidigm No

CD366 (TIM-3) F382E2 153Eu Fluidigm No

CD279 (PD-1) EH12.2H7 155Gd Fluidigm No

CD152 (CTLA-4) 14D3 161Dy Fluidigm No

CCR9 L053E8 168Er Fluidigm No

α4β7 (Vedolizumab) 171Yb Takeda Yes

CES-1 Polyclonal 175Lu Fluidigm No

Table S5: Colon immunofluorescence staining patients’ characteristics (Figure. 3A-B) 

Patient Gender
Year of 

birth
Smoking Diagnosis Surgery Medications

Colon IF 
staining

IRB045 F 1974 No CD Colectomy
Systemic 
steroids

inflamed / 
non-inflamed 

portions

IRB058 M 1967 Yes CD
Ileocecal 
resection

Systemic 
steroids

inflamed 
portion

IRB059 F 1956 Unknown
CD

Completion 
proctectomy

None
non-inflamed 

portion

IRB070 F 1990 No CD
Ileocecal 
resection

Topical 
steroids

inflamed 
portion

IRB071 M 1958 No CD Proctectomy Thiopurines
non-inflamed 

portion

IRB103 F 1989 No CD Colectomy VitD
non-inflamed 

portion
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Abstract

Background
Myeloid cells are critical determinants of the sustained inflammation in Crohn’s 
Disease (CD). Targeting such cells may be an effective therapeutic approach for 
refractory CD patients. Bromodomain and extra-terminal domain protein inhibitors 
(iBET) are potent anti-inflammatory agents; however, they also possess wide-ranging 
toxicities. In the current study, we make use of a BET inhibitor containing an esterase 
sensitive motif (ESM-iBET), which is cleaved by carboxylesterase-1 (CES1), a highly 
expressed esterase in mononuclear myeloid cells. 

Methods
We profiled CES1 protein expression in the intestinal biopsies, peripheral blood, 
and CD fistula tract (fCD) cells of CD patients using mass cytometry. The anti-
inflammatory effect of ESM-iBET or its control (iBET) were evaluated in healthy donor 
CD14+ monocytes and fCD cells, using cytometric beads assay or RNA-sequencing. 

Results
CES1 was specifically expressed in monocyte, macrophage, and dendritic cell 
populations in the intestinal tissue, peripheral blood, and fCD cells of CD patients. 
ESM-iBET inhibited IL1β, IL6, and TNFα secretion from healthy donor CD14+ monocytes 
and fCD immune cells, with 10- to 26-fold more potency over iBET in isolated CD14+ 
monocytes. Transcriptomic analysis revealed that ESM-iBET inhibited multiple 
inflammatory pathways, including TNF, JAK-STAT, NF-kB, NOD2, and AKT signaling, 
with superior potency over iBET. 

Conclusions
We demonstrate specific CES1 expression in mononuclear myeloid cell subsets 
in peripheral blood and inflamed tissues of CD patients. We report that low dose 
ESM-iBET accumulates in CES1-expressing cells and exerts robust anti-inflammatory 
effects, which could be beneficial in refractory CD patients.

Keywords 
BET inhibitor; CES1; IBD.
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Introduction

Crohn’s disease (CD) is a complex immune-mediated disease presenting as chronic 
inflammation of the gastrointestinal tract [1]. Immunomodulatory therapies are the 
mainstay of treatment, which include steroids, thiopurines, and biological agents, 
such as anti-TNF (infliximab, adalimumab), anti-α4β7 integrin (vedolizumab), and anti-
IL12p40 (ustekinumab) [2, 3]. Current therapeutic strategies have a response rate of 
approximately 30% [4], making non-responsiveness to therapy, along with disease 
progression to a severe clinical phenotype, such as fistulizing CD (fCD) [3, 5, 6], a clinical 
challenge. Unfortunately, surgical removal of affected intestinal tissue is required in 
approximately 70% of CD patients [7], highlighting the unmet need to introduce new 
treatments that are better tolerated and demonstrate superior clinical efficacy. 

Bromodomain and extra terminal (BET) domain-containing proteins are a family 
of epigenetic readers (BRD2, BRD3, BRD4, and BRDT) that bind acetylated lysine 
residues of histone proteins to allow for transcriptional complex formation and 
gene expression [8]. Regarding regulation of the immune response, the BET proteins 
are essential for the transcription of several inflammation-related genes and have 
therefore been targets of interest in drug development for inflammatory diseases and 
cancer [8, 9]. Small molecule inhibitors for BET proteins (iBET) show demonstrable 
therapeutic benefits in multiple pre-clinical models of inflammatory diseases [10, 11]. 
However, in relation to murine models of IBD, the outcome was uncertain. In T-cell 
mediated colitis, iBET improved colon inflammation [12], while in a dextran sulfate 
sodium (DSS)-induced colitis mouse-model (with chemically driven epithelia damage), 
colon inflammation was aggravated [13]. This unexpected outcome in the DSS-induced 
colitis model is largely explained by iBET toxicity to colon epithelium [14], which may 
limit the beneficial immunosuppressive effect. Several iBET compounds have been 
investigated in randomized clinical trials in cancer patients; overall, the clinical efficacy 
was limited, despite promising outcomes in pre-clinical cancer models [15]. Multiple 
adverse events (AE) were reported [16-18], including thrombocytopenia, anemia, 
neutropenia, diarrhea, and pneumonia, which limit further clinical development of 
these iBET compounds. Redirecting iBET to specific cell types may limit the wide-range 
toxicity and allow efficacy at a very low dose.

Esterase sensitive motif (ESM) technology has previously been described to achieve 
cell specific accumulation of the active drug, targeting mononuclear myeloid 
cells based on the presence of carboxylesterase-1 (CES1) [19]. This approach has 
demonstrated therapeutic benefits in pre-clinical models of arthritis [19], colitis [20], 
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peritonitis, and atherosclerosis [21], using an ESM-conjugated histone deacetylase 
enzyme (HDAC) inhibitor. We hypothesize that an ESM-conjugated iBET could 
improve tolerability by specifically targeting iBET to CES1 expressing cells within 
CD. This approach might be of great interest in the treatment of CD, as myeloid cells 
are key players in sustained inflammation [1]. In the current study, we are the first 
to investigate the efficacy of an iBET with an esterase sensitive motif (GSK3361191 
or ESM-iBET) application in CD. We first profile CES1 expression in multiple CD or 
inflammatory bowel related clinical samples, such as intestinal biopsies, PBMCs 
from CD patients, and curettage material from fistula tracts of CD patients. Next, 
we provide comprehensive analysis of proteins and genes modulated by iBET in 
monocytes and compare the effect of ESM-iBET (GSK3361191) with the non-
hydrolysable iBET control (GSK3235220)

Materials and Methods

Detailed information on the materials, methods, and associated references can be 
found in the Supplementary Materials (SM).

Compounds
GSK3361191 (ESM-iBET) and its non-hydrolysable control GSK3235220 (iBET) were 
provided by GlaxoSmithKline (Stevenage, UK). GSK3361191 (ESM-iBET) is a BET 
inhibitor with an esterase sensitive motif (ESM), and GSK3235220 (iBET) is a pan BET-
inhibitor. GSK3361191 (ESM-iBET) is similar in its mechanism of action compared to 
an earlier published compound, GSK3358699 [22], and is cleaved by carboxylesterase 
1 (CES1), which allows selective hydrolyzation within CES1 positive cells to a charged, 
intracellularly retained drug [19]. For in vitro studies, both compounds were dissolved 
in 100% DMSO and used at concentration ranges of 0.002 µM to 10 µM.

Human Clinical Samples
The following clinical samples were analyzed: intestinal biopsies of inflammatory 
bowel disease (IBD) patients (CD patients and ulcerative colitis patients), PBMCs of 
CD patients, and fistula tract tissue of fCD patients. Samples were obtained from the 
department of gastroenterology and/or surgery at the Amsterdam UMC, University 
of Amsterdam, under the approval of the accredited Medical Ethics Committee (METC 
#NL53989.018.15, #NL75341.018.20) or the biobank committee of the Amsterdam 
UMC (178 #A201470). Intestinal biopsies, PBMCs, and fistula samples were 
cryopreserved and handled according to the methodology published by Konnikova 
et al [23]. Detailed information about the clinical sampling and experimental details 
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are found in the SM, “Additional information on clinical sampling and experimental 
work-up.” The patient characteristics can be found in Supplementary Tables S1–S3. 

Mass Cytometry 
Human clinical samples (see description above) were immunophenotyped using 
a CyTOF Helios mass cytometer. Staining, barcoding, data acquisition, and mass 
cytometry analysis are described in the supplementary methods. We made use of 
three different antibody panels: a biopsy panel, a PBMC panel, and a fistula panel 
(found in Supplementary Table S4). Acquisition was performed on the Cytometry by 
time of flight (CyTOF) 3-Helios. The sample was diluted in H2O and supplemented 
with 10% v/v of EQ Four Element Calibration beads (Fluidigm, San Francisco, U.S.). 
After acquisition, the data were normalized, and individual files were deconvoluted 
using the CyTOF software v6.7 functions. Different lineages (B cells, CD4 T cells, CD8 
T cells, myeloid cells, and NK cells) were clustered using FlowSOM and subsequent 
manual annotation [24]. Data is visualized using tSNE, a dimensionality reduction 
tool for high-dimensional single-cell data in R [25, 26].

Human PBMCs and Monocyte In Vitro Culture
We obtained buffy coats (healthy donors) from Sanquin Blood Bank, Amsterdam, and 
isolated the peripheral blood mononuclear cells (PBMCs) according to standard Ficoll 
(GE Healthcare Bio-Sciences AB, Danderyd, Sweden) density gradient centrifugation 
protocol [27]. We further isolated CD14+ monocytes using a human CD14 positive 
selection kit (Miltenyi Biotech, Germany). 

For the in vitro culture for cytokine analysis, the CD14+ monocytes or PBMCs were 
pre-treated for 1 h with a concentration range of 0.002, 0.01, 0.04, 0.156, 0.625, 2.5, 
and 10 µM of either GSK3361191 (ESM-iBET), non-hydrolysable control GSK3235220 
(iBET), or DMSO. After 1 h, cells were washed to remove the extracellular compound, 
stimulated with 10 ng/mL LPS dissolved in RPMI medium (Thermofisher Scientific, 
Waltham, MA U.S.), and incubated overnight. Supernatant was collected, and 
cytokine (TNFα, IL1β, and IL6) analysis was performed using Cytometric Bead Array 
(CBA) (BD Biosciences, Australia). Intracellular TNFα protein expression was detected 
by flow cytometry analysis (FACS Fortessa, BD Biosciences, New Jersey, U.S.) and 
analyzed using FlowJo software (Treestar Inc., Ashland, OR, USA). Cytokine data is 
visualized by normalizing the actual measured values to the DMSO control to correct 
for the biological variation in every individual donor. 
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For in vitro culture for RNA transcriptomics analysis, CD14+ monocytes were pre-
treated for 1 h with 40 nM of either GSK3361191 (ESM-iBET), non-hydrolysable 
control GSK3235220 (iBET), or DMSO. After 1 h, cells were washed and stimulated 
with 10 ng/mL LPS dissolved in RPMI medium (Thermofisher Scientific, Waltham, MA, 
U.S.) and incubated for 4 h. 

Ex vivo Derived CD Fistula Tract Cells Culture
CD fistula samples were obtained from fistulizing CD patients undergoing surgery 
(Seton placement/removal, or inspection) at the Amsterdam UMC, location AMC. 
Fistula scrapings were mechanically digested by mashing and flushing through a 
100 µm cell strainer (BD Falcon, Franklin Lakes, New Jersey, U.S.) placed on a 50 
mL tube (Sarstedt, Germany), and immune cells were isolated using Ficoll isolation 
[26]. Immune cells were incubated for 16 h with a concentration range of 0.0025, 
0.01, 0.04, 0.625, 2.5, and 10 µM of either GSK3361191 (ESM-iBET), non-hydrolysable 
control GSK3235220 (iBET), or DMSO resolved in RPMI medium (Thermofisher 
Scientific, Waltham, MA, U.S.). After incubation, the cells were either collected for 
cytokine analysis by CBA or flow cytometric analysis of intracellular TNFα. Cytokine 
data is visualized by normalizing the actual measured values to the DMSO control to 
correct for the biological variation in every individual patient. 

RNAseq Transcriptome Analysis 
Transcriptomic analyses were performed through RNA sequencing. Briefly, mRNA 
was isolated using the Isolate RNA mini kit (Bioline, UK) and converted into cDNA. 
Subsequently, cDNA was sequenced in a 150 bp paired-ended fashion on the Illumina 
NovaSeq6000 to a depth of 40 million reads at the Amsterdam UMC Genomics Core 
Facility. The quality control of the reads was performed with FastQC (v0.11.8) and 
summarization through MultiQC (v1.0) [28]. The raw reads were aligned to the human 
genome (GRCh38) using STAR (v2.7.0) [29] and annotated using the Ensembl v95 
annotation. Post-alignment processing was performed through SAMtools (v1.9), 
after which the reads were counted using the featureCounts function found in the 
Subread package (v1.6.3) [30]. Differential expression (DE) analysis was performed 
using the Bioconductor (v3.14) [31] package DESeq2 (v1.22.2) [32] in the R statistical 
environment (v3.46.0) [33], where we compared both BET-inhibitors (GSK3361191/
ESM-iBET and control GSK3235220/iBET) with DMSO or GSK3361191/ESM-iBET 
with DMSO. Differentially expressed genes (DEGs) were defined as genes whose 
difference presented a Benjamini–Hochberg-adjusted p-value < 0.05. Gene set 
enrichment analysis was conducted with the fgsea package (v1.20) [34] using the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database as a reference [35]. 
Visualizations were created in ggplot2 (v3.3.5) [36].   



99|ESM-BET Inhibitor in Crohn's disease

3

Statistical Analysis 
Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, La 
Jolla, CA). Statistical testing was performed using a two-way ANOVA test; * p ≤ 0.05, 
**p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001; SEM is the standard error of the mean.

Results

Immuno-Phenotyping of IBD Intestinal Biopsies Reveals Specific 
CES1 Expression in CD14+ Myeloid Cell Population
In order to explore the potential application of ESM-conjugated molecules in 
the treatment of IBD, we examined CES1 expression in IBD clinical samples using 
mass cytometry analysis, with particular emphasis on the inflamed local tissue 
environment. First, we investigated the immune cell composition in intestinal 
biopsies collected from IBD patients during endoscopy. Biopsies were taken 
from six IBD patients and collected from inflamed areas (n = 6) or non-inflamed 
areas (n = 2). We were able to identify CD27− (naïve) and CD27+ (memory) B 
cells (CD45+CD45RA+HLA-DR+CD69+CD44+), CD4 T cells (CD45+CD3+CD69+ 
CD2+CD4+CD5+CD28+), CD8 T cells (CD45+CD3+CD8a+CD5+), mononuclear 
myeloid cells (CD45+CD14+CES1+HLA-DR+CD11a+CD44+CD11b+), epithelial 
cells (CD45−EpCAM+CD95+), and NK cells (CD45+CD45RA+CD161+CD2+CD7+) 
(Figure 1A,C). Furthermore, we identified a CD4−CD8− T cell population 
(CD45+CD3+CD69+CD44+), which is the double negative T cell fraction [37). The 
mononuclear myeloid cells demonstrated a high expression of CD14 and a low 
expression of CD16. Among the defined CD intestinal biopsy-derived cells, we 
demonstrated that CES1 expression was restricted to the mononuclear myeloid 
population (Figure 1B, C), with a median of 80% CES1 expressing cells within this 
population (Figure 1D). Interestingly, we also demonstrated some CES1+ cells 
within the EpCAM+ fraction (epithelial cells), compared to the B cell, T cell, or NK 
cell fraction, however, with much less in frequency compared to CD14+ myeloid cells. 

CES1 Is Expressed in Peripheral Blood Mononuclear Myeloid Cells of 
CD Patients 
Next, we aimed to define CES1-expressing immune cell populations in the peripheral 
blood of CD patients, determining whether CES1 expression, among identified 
populations, differs between biological therapy-responsive and non-responsive 
patients. Therefore, we isolated PBMCs from CD patients treated with the biological 
agent vedolizumab and analyzed them using CyTOF to define CES1 expression among 
identified immune cell populations. 
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Figure 1. Immunophenotyping of IBD intestinal biopsies reveals specific CES1 expression in CD14+ 
myeloid cells population. (A) Intestinal biopsies were collected from 6 IBD patients. In total, 8 biopsies 
were collected (non-inflamed biopsies, n = 2, inflamed biopsies, n = 6, two pairs of non-inflamed and 
inflamed biopsies from the same patients, n = 2). Cells from intestinal biopsies of 6 IBD patients were 
barcoded, stained, and pooled for CyTOF and visualized in a tSNE plot after mass cytometry analysis. B 
cells, CD4 T cells, CD8 T cells, DN T cells, CD14+ myeloid cells, EpCAM+ cells, and NK cells were identified. 
(B) CES1 expression intensity was demonstrated among identified cell clusters in (A). (C) A heat map 
shows expression intensity of different (lineage) markers in relation to the identified cell clusters in 
(A). (D) Percentages of CES1+ cells among identified cell subsets are shown. Data are represented as 
mean with SEM of 8 samples; CD14+ myeloid cells, and EpCAM+ CD45- cells were compared to the rest, 
Statistical testing was performed using a one-way ANOVA test; ** p ≤ 0.01, **** p ≤ 0.0001; SEM, standard 
error of the mean.

We identified CD4+ T cells, CD8+ T cells, NK cells, and B cells and extended the analysis 
of myeloid subsets to include classical monocytes (CD14+++CD16−), intermediate 
monocytes (CD14++CD16+), non-classical monocytes (CD14+CD16++), cDCs (CD16−
CD14−HLADR++CD11a+ CD2+), and pDCs (CD16−CD14−HLADR+++CD45RA+ CD2++) 
(Figure 2A,C), although in the latter, we are missing the typical CD123 marker for 
classifying pDCs [38]. We demonstrated a high CES1 expression in the above-mentioned 
mononuclear myeloid populations (Figure 2B, C), with the highest expression in 
the intermediate monocytes and the non-classical monocytes (Figure 2D). PBMCs 
collected from vedolizumab non-responsive patients (n = 6) did not statistically differ 



101|ESM-BET Inhibitor in Crohn's disease

3

from responsive patients in the percentage of CES1+ cells in these myeloid subsets 
(Figure 2D). 

Figure 2. CES1 is expressed in the mononuclear myeloid cells of peripheral blood from CD patients 
independent of therapy response. (A) PBMCs from 11 CD patients (vedolizumab responders; n = 5, 
and vedolizumab non-responders; n = 6) were barcoded, stained, and pooled for CyTOF and visualized 
in a tSNE plot after mass cytometry analysis. B cells, CD4 T cells, CD8 T cells, DN T cells, NK cells, classical 
monocytes, intermediate monocytes, non-classical monocytes, cDCs, and pDCs were identified. (B) CES1 
expression intensity in PBMCs was demonstrated among identified cell clusters in (A); responders (non-
inflamed) and non-responders (inflamed) are displayed separately. (C) A heat map showing expression 
intensity of different (lineage) markers in relation to the identified cell clusters in (A). (D) Percentages of 
CES1+ cells are shown among identified mononuclear myeloid cells subsets (pDCs, classical monocytes, 
cDCs, intermediate monocytes, and non-classical monocytes); responders (non-inflamed) and non-
responders (inflamed) are compared.

CES1 Is Expressed within Macrophages and Dendritic Cells Retrieved 
from Inflamed Fistula Tracts of CD Patients
Next, we explored the immune cell composition within the highly inflamed tissue 
environment of the fistula tracts of CD patients, using a penetrating phenotype 
that underwent surgical intervention (n = 13). We analyzed cells retrieved from CD 
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fistula tract curettage material using CyTOF and established the presence of different 
immune cell subsets, including basophils, B cells, CD4+ T cells, CD8+ T cells, NK cells, 
and mononuclear myeloid cell subsets (Figure 3A, C). 

CES1 was highly expressed in the mononuclear myeloid cell compartment 
that includes macrophages (CD68+CD14+HLA-DR+CD44+CD11b++), CD163+ 
macrophages (CD68+CD14+HLA-DR++CD44++CD11b+CD163+), DCs (CD11c+HLA-
DR+++CD14−CD141−CD123−), CD141+DCs type 1 (CD11c+HLA-DR+++CD14−
CD141+CD123−), and pDCs (CD11c−HLA-DR++CD14−CD141−CD123+) 
(Figure 3B, C). We observed that the percentage of CES1 positive cells was higher 
in the macrophage populations compared to the DCs populations, with the lowset 
CES-1 expression noted in pDCs (Figure 3D). Other identified immune cell types 
showed minimal to no CES1 expression (Figure 3C, D).

ESM-iBET Demonstrated an Increased Anti-Inflammatory Effect 
Compared to Its Non-Hydrolysable Control iBET in Healthy  
Donors Monocytes
Next, we evaluated the anti-inflammatory efficacy of an ESM-iBET (GSK33611910) and 
compared this to its non-hydrolysable iBET control (GSK3235220) in LPS stimulated 
monocytes and PBMCs from healthy donors. Since ESM-iBET specifically accumulates 
in CES1-positive myeloid cells, we hypothesized a more potent immunosuppressive 
effect in the monocytes. PBMCs from healthy donors (n = 3) were treated with a 
concentration range (0.002–10 µM) of ESM-iBET or iBET, and TNFα expression from 
CD14-expressing cells was determined using flow cytometry (Figure 4A). The 
frequency of TNFα-expressing CD14+ monocytes was significantly reduced in ESM-
iBET treated cells (23.9%) compared to iBET 50.3%) or DMSO treated cells (49.0%) at 
156 nM (Figure 4B).

Next, CD14+ monocytes from healthy donors (n = 3) were treated with a 
concentration range (0.002–10 µM) of ESM-iBET or iBET, and secreted inflammatory 
cytokines (IL1β, IL6, TNFα) were quantified with cytometric bead array (CBA). ESM-
iBET demonstrated significantly increased potency to inhibit IL1β, IL6, and TNFα 
secretion when compared to the control iBET, with calculated IC50 of 9.6 nM 
vs. 257.4 nM (IL1β), 19.1 nM vs. 269.4 nM (IL6), and 14.8 nM vs. 145.6 nM (TNFα) for 
ESM-iBET or iBET, respectively (Figure 4C). 
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Figure 3. CES1 is expressed within macrophages and dendritic cells retrieved from inflamed fistula 
tracts of CD patients. (A) Fistula cells from CD patients (n = 13) fistula tract scrapings were barcoded, 
stained, and pooled for CyTOF and then visualized in a tSNE plot after mass cytometry analysis. Basophils, 
B cells, CD141+ DC type1, CD4 T cells, CD8 T cells, NK cells, macrophages, CD163+ resident macrophages, 
pDCs, and DCs were identified. (B) CES1 expression was demonstrated among identified cell clusters 
in (A). (C) A heat map showing expression intensity of different (lineage) markers in relation with the 
identified cell clusters in (A). (D) Percentages of CES1+ cells are shown among identified cell clusters in 
(A). Data are represented as mean with SEM of 13 patients; pDCs, CD141+ DCs, DCs, macrophages, and 
CD163+ macrophages were compared to the other cells. Statistical testing was performed using a one-
way ANOVA test; * p ≤ 0.05, **** p ≤ 0.0001. SEM; standard error of the mean.

ESM-iBET and iBET Similarly Inhibited Inflammatory Cytokine 
Secretion from CD Fistula Tract-Derived Immune Cells in a Dose-
Dependent Fashion
Subsequently, we extended these observations to evaluate ESM-iBET (GSK33611910) 
or iBET (GSK3235220) anti-inflammatory activity in immune cells retrieved from 
inflamed fistula tract of CD patients. Ex vivo isolated immune cells were treated with a 
concentration range (0.002–10 µM) of ESM-iBET or iBET, and inflammatory cytokines 
(IL1β, IL6, TNFα), secreted overnight, were quantified.
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Figure 4. The capacity of ESM-iBET and its non-hydrolysable control iBET to inhibit cytokines pro-
duction in healthy donor CD14+ monocytes and CD fistula tract-derived immune cells. All cell cul-
tures were performed in a concentration range of 0.002–10 µM, and we visualized the concentrations, 
which demonstrated a clear difference between the iBET and the ESM-iBET (A) Representative flow 
cytometry plots showing TNF expression among CD14+ monocytes in PBMCs pre-treated with DMSO, 
iBET GSK33611910, or ESM-iBET GSK3235220 for 1 h, followed by LPS 40 ng/mL stimulation overnight. 
Representative plots are shown and are pre-gated on CD14+ cells after the exclusion of dead cells, CD3+, 
and CD19+ cells. (B) The percentage of TNF+ cells among total CD14+ monocytes in PBMCs is shown (n 
= 3). (C) IL1β, IL6 and TNFα protein secretion are measured with CBA in the supernatant of CD14+ iso-
lated monocytes from healthy donors (n = 3), pre-treated with DMSO, iBET GSK33611910, or ESM-iBET 
GSK3235220, followed by LPS 10 ng/mL stimulation overnight. (D) IL1β, IL6, and TNFα protein secretion 
are measured with CBA in the supernatant of ex vivo CD fistula tract-derived immune cells, pretreated 
with DMSO, iBET GSK33611910, or ESM-iBET GSK3235220 (n = 3–4). Data are represented as mean with 
SEM of three to four donors/patients. In (B) and (C), similar doses of iBET GSK33611910 or ESM-iBET 
GSK3235220 treatment are compared. In (C) and (D), iBET GSK33611910 or ESM-iBET GSK3235220 are 
compared to the DMSO control. Statistical testing was performed using a two-way ANOVA test; * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. SEM; standard error of the mean.
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Both inhibitors efficiently reduced secreted inflammatory cytokines at relatively 
higher concentrations when compared to PBMC and monocyte cultures, with 
calculated IC50 of 441.3 nM vs. 1185 nM (IL1β), 280.3 nM vs. 358.3 nM (IL6), and 150.4 
nM vs. 255.2 nM (TNFα) for ESM-iBET and iBET, respectively. There was no significant 
difference between the concentration of ESM-iBET and iBET required to inhibit 
inflammatory cytokine secretions from fCD ex vivo isolated immune cells (Figure 4D).

ESM-iBET Influences the Transcription of Inflammatory Related 
Genes and Pathways with Increased Potency over iBET in Blood 
CD14+ Monocytes
In order to gain more insight into the transcriptome changes mediated by BET 
inhibition, we compared monocytes pre-treated with ESM-iBET or iBET to the DMSO 
control treatment. In line with earlier functional assays (Figure 4), we expected 
the immunosuppression of different inflammatory pathways and aimed to assess 
the differences between ESM-iBET and iBET. In addition to this, CD14+, monocytes 
were isolated from healthy donor PBMCs (n = 5), pre-treated with 40 nM of either 
ESM-iBET (GSK33611910), iBET (GSK3235220), or DMSO, then stimulated with LPS 
for 4 h. Through principal component (PC) analysis, we observed a separation 
between DMSO+LPS, ESM-iBET+LPS, and iBET+LPS from non-LPS DSMO in PC2 
(Figure 5A), suggesting an association within PC2 with LPS stimulation. By contrast, 
PC1 presented a separation between ESM-iBET pre-treated samples and the other 
sampels, which was not immediately visible for iBET, indicating that ESM-iBET pre-
treatment affects monocytes more profoundly than iBET.

We identified 253 significantly differentially expressed genes (DEGs), of which 163 
were upregulated and 90 were downregulated. Interestingly, visualizing the top 20 
upregulated or downregulated DEGs in response to BET inhibition suggested that 
while both BET inhibitors functioned concordantly, ESM-iBET conferred a stronger 
effect, as opposed to iBET, at equimolar level concentrations (Figure 5B), in line 
with earlier cytokine inhibition data on monocytes (Figure 4A–C). Moreover, we 
compared the effect sizes of the top 10 upregulated or downregulated inflammation-
related genes using the Wald statistic when comparing ESM-iBET to DMSO on the 
x-axis, and iBET compared to DMSO on the y-axis (Figure 5C). While most of the 
genes were affected in same direction by both BET inhibitors, the strongest effect 
was observed for ESM-iBET (Figure 5C). Focusing on the inflammation-related genes, 
we identified chemokines (CCL14—CCL25), cytokines (IL12B—IL36B—CSF2), and 
members of the MAPK signaling pathway (MAP3K4—MAP3K20) to be the most 
significantly downregulated after pretreatment with ESM-iBET relative to DMSO.
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< Figure 5. ESM-iBET influences the transcription of inflammatory related genes and pathways 
with increased potency over iBET in blood CD14+ monocytes. (A) RNA sequencing data of peripheral 
CD14+ monocytes (n= 5 healthy donors) pre-treated for 1 h with DMSO, 40 nM ESM-iBET (GSK33611910), 
or 40 nM iBET (GSK3235220), then stimulated with LPS (4 h). Principle component analysis is shown.  
(B) A heat map depicting the top 20 up- and downregulated genes when comparing BET inhibitors 
vs. DMSO. Colors represent the scaled log2 (counts). (C) Comparison of the Wald statistic obtained 
from DESeq2 when comparing ESM-iBET with DMSO, and iBET with DMSO on the x- and y-axes, 
respectively. In red are genes that encode proteins involved in the inflammation-related pathways; 
highlighted genes are the top 10 up- and downregulated genes (DEGs), comparing ESM-iBET (n = 5) 
vs. DMSO (n = 5) pre-treated, LPS-stimulated monocytes. (D) Gene set enrichment analysis (GSEA) of 
inflammation-related pathways with functional annotation using Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways, the direction of the arrow indicates either up- or downregulation, while 
the size and shading of the arrow represent the –log10 (p-value) and normalized enrichment score, 
respectively. (E) Enrichment scores of the cytokine–cytokine receptor interaction, TNF signaling, JAK-
STAT signaling, NF-kB signaling, and NOD-like receptor signaling pathways in the CD14+ monocytes (n 
= 5 healthy donors), pre-treated for 1 h with DMSO, ESM-iBET (GSK33611910), or iBET (GSK3235220), 
then stimulated with LPS (4 h).

 
Among the top upregulated ESM-iBET targets, we identified pro-apoptotic 
genes (BCL2L11), phosphatases such as PHLPP2 and DUSP7, which are known to 
dephosphorylate effective mediators of the AKT [39] and MAPK [40, 41] signaling 
pathways, respectively, and therefore, act as negative regulators. 

Furthermore, we performed gene set enrichment analysis (GSEA) with functional 
annotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. 
Multiple inflammation-related pathways were among the top significantly negatively 
enriched pathways in response to ESM-iBET pre-treatment (Figure 5D). We could 
identify pathways of therapeutic and pathogenic relevance to CD, including 
cytokine–cytokine receptor interaction, TNFα signaling, JAK-STAT signaling, NF-
kappa B signaling, MAPK signaling, NOD-like receptor signaling, and PI3K-Akt 
signaling pathways [42-46] (Figure 5D,E).

ESM-iBET Potently Modulates Cytokines/Chemokines Transcription 
in Monocytes
Next, we aimed to explore the inflammation related cytokines and chemokines 
ligands and their receptors that are targeted by BET inhibition in the monocytes. The 
gene set enrichment analysis (GSEA) of the cytokine–cytokine receptor interaction 
pathway was negatively enriched in response to ESM-iBET treatment when compared 
to the DMSO-treated monocytes (Figure 5E). Multiple chemokines were significantly 
inhibited, including CCL1, CCL4, and CXCL5. Notably, CXCL14 expression was found 
to be enhanced (Supplementary Figure S1). In regards to the effect on cytokines 
following ESM-iBET treatment, we identified the inhibition of multiple genes related 
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to the IL6, IL1, IL10, TNFα, TGF-β, and interferon families. Alternatively, the expression 
of selected cytokine receptors was attenuated, including IL1R1, IL17RA, and IFNGR2 
(Supplementary Figure S1).

ESM-iBET Affects Transcription of Key Pathways in CD Pathogenesis, 
Such as TNFα, JAK-STAT, NF-kB, and NOD2 Signaling
Next, we explored whether ESM-iBET affects the transcription of inflammatory 
pathways and target genes of therapeutic interest in CD. TNFα and JAK-STAT 
signaling pathways are key players in CD pathogenesis and therefore, are of 
important therapeutic relevance [44]. GSEA showed a strong negative enrichment 
of both the TNFα (Figure 5E, Supplementary Figures S3A and S4A) and JAK-
STAT signaling pathways (Figure 5E, Supplementary Figures S3B and S4B) in ESM-
iBET-treated monocytes compared to the DMSO-treated monocytes. We further 
explored effector genes and downstream signaling pathways to identify ESM-iBET 
targets. We showed that TNFα itself was strongly downregulated by ESM-iBET 
treatment, while both TNFα receptors (TNFR1 and TNFR2) remained unaffected. 
Additionally, ESM-iBET targeted the inflammatory signaling pathways that are 
activated farther downstream of TNFα signaling, such as the MAPK, NF-kB, and PI3K-
Akt pathways (Figure 5D, Supplementary Figures S3C, S5, and S6). Moreover, 
within the JAK-STAT downstream signaling mediators, we identified STAT5A to 
be strongly downregulated by ESM-iBET treatment, while SOCS6 and PIAS3, 
known negative regulators of JAK-STAT signaling [47], were strongly upregulated 
(Supplementary Figures S2, S3B, and S4B). Moreover, the NF-κB signaling pathway 
was found to be negatively enriched in response to ESM-iBET treatment compared to 
DMSO treatment (Figure 5E), as is illustrated by a downregulation of RELA (P65), a key 
functional subunit in the NF-κB canonical pathway (Supplementary Figures S2, S3C, 
and S5). Furthermore, GSEA of the NOD2 signaling pathway was negatively enriched 
by ESM-iBET treatment (Figure 5E), with key effector caspase genes (CASP1, CASP4, 
and CASP5) being efficiently downregulated (Supplementary Figures S2 and S3D).

Discussion

Dysregulated innate immunity plays a fundamental role in the sustained and 
recurring inflammation in CD. Through epigenetic mechanisms, BET proteins are 
essential for inflammatory gene expression [8]. In the current study, we investigated 
the potential benefits of BET inhibition, specifically in the mononuclear myeloid 
cell compartment in the context of CD, and highlighted potential mechanisms 
of the iBET-mediated anti-inflammatory response in monocytes. We introduced a 
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mononuclear myeloid cell-targeted iBET (ESM-iBET GSK3361191) as a small molecule 
BET inhibitor that is effective in reducing inflammatory cytokine production from 
mononuclear myeloid cells due to its accumulation in CES1 expressing cells [19]. 
ESM-iBET is expected to be specifically retained in CES1-expressing cells, while 
demonstrating a reduced effect in non-CES1 expressing cells [19, 22]. In order to 
understand the exact profile of CES1 expression in inflamed and non-inflamed CD 
tissue, we performed CyTOF-based profiling of CES1 protein expression in CD patient 
cells, which revealed a specific pattern of expression, confined within mononuclear 
myeloid cell populations, across peripheral blood cells, in inflamed intestinal tissue, 
and in fistula tract-derived cells. 

In intestinal biopsies, CES1 was mainly restricted to the CD14-expressing myeloid 
cells. An earlier study demonstrated a toxic effect of non-selective BET-inhibitors 
on intestinal epithelial cells [14] and a worsening of DSS-induced colitis in a mouse 
model upon BET-inhibition [13], suggesting the toxicity of non-selective BET-
inhibition on intestinal epithelial cells. In this context, we demonstrated that the 
majority of EpCAM+ epithelial cells did not express CES1, which is of particular 
interest here for the application of ESM-iBET in inflammatory intestinal diseases 
by sparing intestinal epithelial cells, while targeting inflammatory mononuclear 
myeloid cells. However, a small fraction of CES1-expressing epithelial cells (median 
of 8.5%) is noted, which may require further investigation to determine whether this 
reflects a specific epithelial cell subset and whether it may have a detrimental effect 
on CES1-assisted drug delivery applications in IBD.

In CD peripheral blood PBMCs, CES1 expression is confined to the myeloid 
compartment, including classical monocytes (CD14+++CD16−), intermediate 
monocytes (CD14++CD16+), non-classical monocytes (CD14+CD16++), 
cDCs (CD16−CD14−HLADR++CD11a+CD2+), and pDCs (CD16−CD14−
HLADR+++CD45RA+CD2++), similar to the expression pattern demonstrated earlier 
in healthy donor blood [20]. Interestingly, we observe the highest CES1 expression 
among circulating non-classical (CD14+CD16++) monocytes from CD patients, in 
contrast to healthy donors, where CES1 expression was the highest among classical 
monocytes (CD14+++CD16−) [20]. This may potentially be reflective of a preferential 
trafficking of CES1-expressing classical monocytes to the locally inflamed colon in CD 
patients, as classical monocytes are recruited to fuel the inflammatory process [48, 
49]. The CES1 expression within mononuclear myeloid cells is also shown within ex 
vivo cells retrieved from CD fistula tracts, supporting the possibility that these cells 
can be potentially targeted by ESM-iBET to achieve a therapeutic response in these 
patients. A high CES1 expression is found across the macrophage subsets within 
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these fistula samples. Moreover, our earlier findings show that CES1-expressing 
macrophages are enriched in inflamed CD intestinal mucosa [20]; altogether, this 
suggests that these macrophage populations in the CD inflamed environment would 
be the most targeted cells of ESM-iBET. Notably, no significant difference in CES1 
expression is observed between identified macrophage and DCs subsets, except for 
pDCs, which show relatively lower CES1 expression, possibly reflecting an equally 
pronounced effect of ESM-iBET on those tissue CES1+ myeloid subsets. 

Using a non-hydrolysable iBET control (GSK3235220), we demonstrated a higher 
potency of ESM-iBET (GSK3361191) to inhibit inflammatory cytokines in CES1-
expressing monocytes in both PBMCs and purified CD14+ monocyte culture compared 
to equimolar concentrations of iBET (GSK3235220). This validates the specific CES1 
assisted delivery of ESM-iBET and the augmented anti-inflammatory effect. However, 
despite the inhibition of inflammatory cytokine secretion from ex vivo immune cells 
retrieved from CD fistula tracts by ESM-iBET, no differential efficacy over similar 
concentrations of iBET was observed. This can be explained by the presence of other 
immune cells, such as T cells and B cells mixed with a low yield of CES1-expressing 
myeloid cells, within these cell preparations compared to PBMCs and purified 
monocytes; therefore, the contribution of ESM-iBET targeted CES1-expressing cells to 
overall secreted cytokines is minimal to demonstrate an observed difference. 

The transcriptomic analysis of ESM-iBET (GSK3361191)-treated monocytes 
demonstrates a potent inhibitory effect on multiple inflammation related genes 
and pathways. This is in line with earlier reports using other iBET in human primary 
monocytes [50], human and murine microglial cell lines [51, 52], and murine bone 
marrow derived macrophages [53]. Additionally, we demonstrated a higher potency 
of ESM-iBET (GSK3361191) compared to iBET (GSK3235220) control at a low dose of 40 
nM. Among the downregulated inflammatory genes, we could identify multiple targets 
of therapeutic relevance to CD, such as IL12B and TNFα, known therapeutic targets of 
biological agents such as ustekinumab, infliximab, or adalimumab [2]. Additionally, 
ESM-iBET efficiently downregulated oncostatin M (OSM), IL1α, and IL1R,1 which were 
previously reported to be involved in anti-TNF therapy non-responsiveness [54-56] in 
IBD. Interestingly, among the key anti-inflammatory mediators, ESM-iBET upregulated 
the TGFβ receptor. In this context, TGFβ signaling by intestinal DCs [57] and circulating 
monocytes [58] exerts an anti-inflammatory effect, and therapeutically augmenting 
this pathway shows therapeutic benefits in CD patient clinical trials [59].

The monocyte transcriptional analysis detailed herein demonstrates that ESM-iBET 
can efficiently target key components of multiple inflammatory pathways involved 



111|ESM-BET Inhibitor in Crohn's disease

3

in the pathophysiology of CD. Within the JAK-STAT signaling pathway, ESM-iBET 
specifically downregulated STAT5A gene expression, in line with earlier reports 
[60, 61], while upregulating SOCS6 and PIAS3, both of which are negative regulators 
of phosphorylated JAKs that act to dampen JAK-STAT signaling [47]. Additionally, we 
demonstrate a downregulation of RELA, CASP1, CASP4, and CASP5 gene expression 
by ESM-iBET treatment, which are key functional effectors downstream of the 
canonical NF-kB and NOD2 signaling pathways, respectively. 

Overall, the monocyte transcriptomic analysis demonstrates a potent effect on 
multiple pathways of potential therapeutic relevance to CD by ESM-iBET. Current 
biologic therapies are aimed at targeting specific cytokines or pathway components, 
which can only be beneficial to patients in which this particular pathway is 
predominantly driving inflammation. The advantage of a CES1-targeted iBET (ESM-
iBET) is that it can interfere with multiple CD-relevant inflammatory pathways 
simultaneously in monocyte/myeloid cells expressing CES1, while minimizing broad 
iBET effects in non-CES1 expressing cells. Whether specific targeting of mononuclear 
myeloid cells would demonstrate clinical benefits remains uncertain. In a complex 
in vivo environment, other cell types, such as intestinal B cells, T cells, epithelial, and 
stromal cells, all contribute to intestinal inflammation. 

Conclusions

We demonstrated a specific pattern of CES1 expression in CD patients, which is 
confined to monocytes, macrophages, and DC populations, across blood and local 
inflamed tissues of CD patients. We demonstrated the increased potency of ESM-iBET 
(GSK3361191) in CES1-expressing monocytes compared to the non-targeted control, 
iBET (GSK3235220). We also defined ESM-iBET targets at the transcriptional level in 
the peripheral monocytes, which are therapeutically relevant in CD patients. 
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Supplementary information for the manuscript 

Materials and methods 

Additional information on clinical sampling and experimental work-up 
Intestinal biopsies: biopsies from IBD patients were collected during colonoscopy for 
assessment of disease activity and/or therapy response (see patient characteristics 
in Supplementary Table A1: Baseline characteristics IBD patients’ biopsies). Fresh 
biopsies (1 or 2 pieces at the time, 2 mm maximum size) were slow frozen in 1 mL of 
freeze medium (10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Burlington, MA, U.S.) 
and 90% fetal bovine serum (FBS)(Serana, Pessin, Germany), and placed in a Corning 
CoolCell Cell Freezing Vial Containers (Sigma-Aldrich, Burlington, MA, U.S.) to freeze 
at a 1°C per minute cooling rate in a -80°C freezer. Samples were stored at -80°C for 
at least 24 hours and transferred to liquid nitrogen for longterm storage [1]. After 
thawing, a single cell suspension was obtained by incubating the biopsies in digestion 
medium: collagenase IV C-5138 0.5 mg/ml (Sigma-Aldrich, Burlington, MA, U.S.), DNAse 
50 ug/ml (Thermo Fisher Scientific, Waltham U.S.), FBS 2 % (Serana, Germany) in RPMI-
1640 medium (Thermo Fisher Scientific, Waltham U.S.) for 45 minutes at 37°C. Biopsies 
were detached in cells on a 100 µm cell strainer (BD Falcon, Switzerland) placed on a 
50-ml tube (Sarstedt, Germany), using the green rubber part of a 2-ml syringe, while 
rinsing a few times with RPMI-1640 medium (Thermofisher Scientific, Waltham U.S.). 
The supernatant was then spun at 500 g for 5 min to pellet the cells.

PBMCs of vedolizumab treated CD-patients: venous blood was collected during 
the course of the biological treatment and PBMCs were isolated and cryopreserved 
according to standard protocol [1, 2]. In accordance with the procedure of the 
intestinal biopsies, PBMCs were placed in a Corning CoolCell Cell Freezing Vial 
Containers (Sigma-Aldrich, Burlington, MA, U.S.) to freeze at a 1°C per minute 
cooling rate in a -80°C freezer. Samples were stored at -80°C for at least 24 hours and 
transferred to liquid nitrogen for longterm storage [1]. Patients were categorized as 
therapy responders or non-responders based a strict combination of endoscopic- 
(≥50% reduction in SES-CD score) and steroid-free clinical response (≥3 point drop 
in HBI and HBI ≤4 AND no systemic steroids) and/or biochemical response (≥50% 
reduction in C-reactive protein (CRP) and fecal calprotectin or a CRP ≤5 g/mL and 
fecal calprotectin ≤250 µg/g).

Fistula tract tissue of CD patients: CD patients with an active open fistula tract due 
to their penetrating clinical phenotype underwent surgical intervention (Seton 
placement or drainage of tract) at the Amsterdam UMC, location AMC, the Netherlands. 
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During the surgical intervention, tissue or flush from the tract was obtained. After 
mechanical digestion, as described in the Material and Methods section, immune cells 
were isolated according to Ficoll density gradient centrifugation protocol [2]. Immune 
cells obtained from fistulae samples were placed in a Corning CoolCell Cell Freezing 
Vial Containers (Sigma-Aldrich, Burlington, MA, U.S.) to freeze at a 1°C per minute 
cooling rate in a -80°C freezer. Samples were stored at -80°C for at least 24 hours and 
transferred to liquid nitrogen for longterm storage [1].

Reagents 
The following reagents were used in in vitro studies; L-glutamine (Thermo Fisher 
Scientific, Waltham U.S.), penicillin/streptomycin (Lonza, Switzerland), foetal bovine 
serum (FBS; Serana, Pessin, Germany), phosphate buffered saline (PBS; Thermofisher 
Scientific, Waltham U.S.), lipopolysaccharide (LPS Escherichia coli 0111:B4 or 
Salmonella Typh; Sigma-Aldrich, Burlington, MA, U.S.) and RPMI-1640 medium 
(Thermofisher Scientific, Waltham U.S.). RPMI-1640 containing 2 mM L-glutamine, 
100 U/mL penicillin/streptomycin, and 10% FBS was used for all in vitro cultures. 

Mass cytometry analysis
Antibodies; the details of the antibody mass cytometry panel (including clone, metal 
tag, and supplier) are listed in Supplementary Table A4. 

Staining and barcoding; single cell suspensions were thawed, washed with PBS and 
incubated with Cell-ID cisplatin to identify dead cells for 5 minutes at room temperature. 
Cisplatin signal is quenched by washing with Cell Staining Buffer (CSB, Fluidigm, San 
Francisco, CA, U.S.). Cells were permeabilized by Maxpar Barcode Perm Buffer (Fluidigm, 
San Francisco, CA, U.S.), incubated with mass tag barcodes in permeabilization buffer, 
then stained with antibodies against surface targets in the presence of Human TruStain 
FcX™ Fc Receptor Blocking Solution (Biolegend, San Diego, CA U.S.).

For intracellular staining, cells were washed and incubated with antibodies for 
intracellular markers (CES1 Polyclonal Antibody, Thermo Fisher Scientific, Waltham 
U.S.), washed and then stained with a secondary antibody goat-anti-rabbit (polyclonal)-
175Lu (Fluidigm, San Francisco, CA, U.S.). CES1 staining in particular was performed 
with an antibody dilution of 1:800 and 1:200 for the goat-anti-rabbit-175Lu antibody. 
After washing with CSB, antibodies were fixed with 1.6% PFA, washed and incubated 
overnight with 191/193Ir DNA intercalator (1:4000) diluted in Fix-and-Perm Buffer 
(Fluidigm, San Francisco, CA, U.S.). The next day cells were washed before acquisition 
on the CyTOF3-Helios.
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Mass cytometry data analysis; FCS files were uploaded to R for analysis and quality 
control. Signal intensities and sample acquisition rates were reviewed for stability 
over time and events gated based on the condition that flow was stable, excluding 
calibration beads, and within the 90 % percentile of all Gaussian parameters. 
Afterwards, CD45+ live cells were selected through sequential gating as described 
before [3]. Clusters of phenotypically similar cells were identified using the 
FlowSOM-package. Initial SOM-clustering was set to 300 clusters, using markers 
listed in Supplementary Table A4, with the exception of CES1 itself. By excluding 
CES1 from the calculations, we can make comparisons of the CES1 levels between 
cell types. The 300 formed clusters were manually metaclustered according to their 
phenotype lineages. For visualization and cluster interpretation we performed a tSNE 
dimensionality reduction in R using the same markers as the FlowSOM clustering 
as input. 50,000 events from each sample were randomly sampled to prevent 
overcrowding of the tSNE space. Perplexity was set at 30, theta at 0.5 and the number 
of iterations at 1500. In the case of the PBMC and fistula analysis, a subsequent tSNE 
projection was performed only on events metaclustered and identified as myeloid 
cells, using all antibody marker parameters excluding CES1. Different cell types 
within the myeloid lineage were identified. Different CES1 levels were investigated 
through median expression levels and percentage of positive cells within the cell 
subset. Plots were generated using the ggplot2 package [4].

Flow cytometry analysis 
Cells were washed in PBS and stained for a LiveDead cell viability marker (LifeScience, 
Amsterdam, The Netherlands). Then cells were stained for surface markers in FACS 
buffer (0.5% BSA, 0.01% NaN3 in PBS), fixed, permealized and stained for intracellular 
anti-TNF using Foxp3 / Transcription Factor Staining Buffer Set (eBioscience, San 
Diego, CA, U.S.). For PBMCs culture; we used the following antibodies; anti-CD3-
PerCP (Becton Dickinson, US), anti-CD19-BV421 (Biolegend, US), anti-CD14-PE-Cy7 
(Invitrogen), anti-MHCII-AlexaFluor700 (eBioscience, San Diego, CA, U.S.) and anti-
TNF-FITC (Invitrogen, US). For ex vivo derived CD fistulae tract cells culture: we used 
the following antibodies; anti-CD45-PE (eBioscience, San Diego, CA, U.S.), anti-CD3-
APC (Biolegend, San Diego, CA U.S.), anti-CD19-BV421(Biolegend, US), anti-CD66b-
FITC (eBioscience, San Diego, CA, U.S.), anti-CD14-PE7 (Becton Dickinson, US), anti-
MHCII-AF700 (eBioscience, San Diego, CA, U.S.). 
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Supplementary Figures

Supplementary figure S1: ESM-iBET potently modulates multiple cytokines / chemokines 
transcription in monocytes. (A-B) CD14+ monocytes (n=5 healthy donors) pre-treated (1hr) with 
DMSO, ESM-iBET (GSK33611910) or iBET (GSK3235220), then stimulated with LPS (4hrs). ESM-iBET (n=5) 
is compared to DMSO (n=5), iBET (n=5) is shown alongside. (A) Heatmap of top differentially expressed 
genes in the cytokine-cytokine receptor interaction pathway comparing ESM-iBET (n=5) vs. DMSO (n=5) 
pre-treated, LPS stimulated monocytes, iBET pre-treated monocytes (n=5) are shown alongside. 
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Supplementary figure S2: ESM-iBET affects transcription of key effector genes in CD within the 
TNFα, JAK-STAT, NF-kB and NOD2 signaling pathways, with superior potency over iBET. CD14+ 
monocytes (n=5 healthy donors) pre-treated (1hr) with DMSO, ESM-iBET (GSK33611910) or iBET 
(GSK3235220), then stimulated with LPS (4hrs). ESM-iBET (n=5) is compared to DMSO (n=5), iBET (n=5) 
is shown alongside. Box plots show the expression of selected differentially expressed key effector 
genes among TNFα, JAK-STAT and NF-kB pathway, expression values are displayed as log2(counts) on 
the y-axis. In the NF-kB signaling pathway, expression of RELA (P65), a key functional subunit in NF-κB 
canonical pathway, was found to be downregulated. In PI3K-Akt signaling pathway, AKT3 expression 
was strongly downregulated. Key effector caspase genes family were targeted with CASP1, CASP4 and 
CASP5 being efficiently downregulated.
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Supplementary figure S4. The KEGG TNFα and JAK-STAT signaling pathway. (A) The KEGG TNFα 
signaling pathway and (B) JAK-STAT receptor interaction pathway with colors representing the effect 
size obtained from interaction analysis. In CD14+ monocytes (n=5 healthy donors) pre-treated (1hr) with 
DMSO, ESM-iBET (GSK33611910) or iBET (GSK3235220), then stimulated with LPS (4hrs). ESM-iBET (n=5) 
is compared to DMSO (n=5), iBET (n=5) is shown alongside.
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Supplementary figure S5. The KEGG NF-kB signaling pathway. The KEGG NF-kB signaling pathway 
with colors representing the effect size obtained from interaction analysis. In CD14+ monocytes (n=5 
healthy donors) pre-treated (1hr) with DMSO, ESM-iBET (GSK33611910) or iBET (GSK3235220), then 
stimulated with LPS (4hrs). ESM-iBET (n=5) is compared to DMSO (n=5), iBET (n=5) is shown alongside.
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< Supplementary figure S6: ESM-iBET interferes with PI3K-Akt and MAPK signaling pathways via 
modulating the expression of multiple key effector genes. (A-D) CD14+ monocytes (n=5 healthy 
donors) pre-treated (1hr) with DMSO, ESM-iBET (GSK33611910) or iBET (GSK3235220), then stimulated 
with LPS (4hrs). ESM-iBET (n=5) is compared to DMSO (n=5), iBET (n=5) is shown alongside. Heat map 
of (A) significant 51 differentially expressed genes in the PI3K-Akt signaling pathway together with (B) 
the KEGG PI3K-Akt signaling pathway. Heat map of (C) 58 differentially expressed genes in the MAPK 
signaling pathway together with (D) KEGG MAPK signaling pathway. Colors representing the effect size 
obtained from interaction analysis.

Supplementary tables 

Table S1. Baseline characteristics IBD patients’ biopsies.

Baseline characteristics IBD patients biopsy retrieved n=6

IBD, CD (%) 3 (50)

Gender, n (%)  

- Female 3 (50)

Age, years, median (IQR) 44 (31.25-55.25)

Disease duration, years, median (IQR) 4 (0.75 - 8)

Disease location in CD, n (%)  

- Ileal disease (L1) 1 (17)

- Colonic disease (L2) 0 (0)

- Ileocolonic disease (L3) 2 (33.3)

- Upper GI involvement (L4) 0 (0)

Disease behavior in CD, n (%)  

- Non structuring non-penetrating (B1) 3 (50)

- Stricturing (B2) 0 (0)

- Penetrating (B3) 0 (0)

- Perianal disease (p) 0 (0)

Disease extension UC (E3, %) 3 (50)

Disease severity UC (S3, %) 1 (17)

Previous IBD related surgery (resection, seton, 
stricturoplasty), n (%)

3 (50)

Medication, n (%)  

- Immunomodulators 3 (50)

- Prednisone taper scheme 3 (50)

Biological agents, n (%) 0 (0)
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Table S2. Baseline characteristics of Vedolizumab responders and non-responders.

Responders (N = 5) Non-responders (N = 6)

Female, N (%) 4 (80) 5 (83)

Age, years, median (IQR) 42 (38-44) 58.5 (43-68)

Disease location, n (%)

- Ileal disease (L1) 3 (60) 3 (50)

- Colonic disease (L2) 1 (20) -

- Ileocolonic disease (L3) 1 (20) 3 (50)

Responders (N = 5) Non-responders (N = 6)

Disease behavior, N (%)

- Non structuring/penetrating (B1) 2 (40) 4 (66.6)

- Stricturing (B2) 3 (60) 2 (33.3)

- Penetrating (B3) 0 (0) 0 (0)

- Perianal disease (p) 1 (20) 1 (0.17)

Previous IB- related surgery, N (%) 3 (60) 3 (50)

Concomitant medication, N (%)

- Immunomodulators - -

- Prednisone - -

Table S3: Baseline characteristics Fistulizing CD patients

Baseline characteristics Fistula CD patients
Samples used for cyTOF and cell culture 

(N=18)

Gender, n (%)  

- Female 10 (55.6)

Age, years, median (IQR) 35 (32.25-39)

Disease duration, years, median (IQR) 7.5(3.75-14)

Disease location, n (%)  

- Ileal disease (L1) 4 (22)

- Colonic disease (L2) 5 (28)

- Ileocolonic disease (L3) 9 (50)

- Upper GI involvement (L4) 0 (0)

Disease behavior, n (%)  

- Non structuring non-penetrating (B1) 13 (72)

- Stricturing (B2) 1 (6)

- Penetrating (B3) 4 (22)

- Perianal disease (p) 18 (18)

Previous IBD related surgery (resection, seton, stricturoplasty), n (%) 15 (83)
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Baseline characteristics Fistula CD patients
Samples used for cyTOF and cell culture 

(N=18)

Medication, n (%)  

- Immunomodulators 4 (22)

- Prednisone taper scheme 0 (0)

Biological agents, n (%)  

- Infliximab 6 (33)

- Adalimumab 4 (22)

- Other (vedolizumab, ustekinumab) 0 (0)

Smoking, n (%)  

- Never 10 (56)

- Active 2 (11)

- Former 3 (17)

Table S3. Continued
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Abstract

The metabolic profile of dendritic cells (DCs) shapes their phenotype and functions. 
Carboxylestrase 1 (CES1) enzyme is highly expressed in mononuclear myeloid 
cells however its exact role in DCs is elusive. We used a CES1 inhibitor (WWL113) 
and genetic overexpression to explore the role of CES1 in DCs differentiation in 
inflammatory models. 

CES1 expression was analyzed during CD14+ monocytes differentiation to DCs 
(MoDCs) using quantitative PCR. CES1 Inhibitor (WWL113) was applied during 
MoDCs differentiation. Surface markers, secreted cytokines, lactic acid production, 
phagocytic and T cell polarization capacity were analyzed. Transcriptomic and 
metabolic profile were assessed with RNA-sequencing and mass spectrometry. 
Cellular respiration was assessed with seahorse respirometry. Transgenic mice were 
used to assess CES1 overexpression in DCs in inflammatory models.

CES1 expression peaks early during MoDCs differentiation. Pharmacological 
inhibition of CES1 led to higher expression of CD209, CD86 and MHCII. WWL113 
treated MoDCs secreted higher quantities of IL6, IL8, TNF and IL10 and demonstrated 
stronger phagocytic ability and higher capacity to polarize Th17 differentiation 
in autologous DCs-T cells co-culture model. Transcriptomic profiling revealed 
enrichment of multiple inflammatory and metabolic pathways. Functional metabolic 
analysis shows impaired maximal mitochondrial respiration capacity, increased 
lactate production and decreased intracellular amino acids and TCA intermediates. 
Transgenic human CES1 overexpression in murine DCs generated less inflammatory 
phenotype and increased resistance to T cell mediated colitis. 

In conclusion, CES1 inhibition directs DCs differentiation towards more inflammatory 
phenotype that shows stronger phagocytic capacity and supports Th17 skewing. This 
is associated with disrupted mitochondrial respiration and amino acids depletion. 

Keywords: CES1, Dendritic cells, Inflammation, 
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Introduction 

Dendritic cells (DCs) are antigen presenting cells that play a pivotal role at the 
intersection between the innate and adaptive arms of immune system [1]. They 
are essential for mounting a regulated immune response. Therefore, disturbances 
in their functions are strongly associated with the pathogenesis of multiple 
inflammatory diseases [2, 3]. Immune metabolism studies demonstrate that DCs 
phenotypes and functions are closely associated with their metabolic profile, which 
is responsive to external and internal cues [4]. Inflammatory signals, like TLR agonists, 
enhance intracellular glycogenolysis [5] and induce shift towards glycolytic energy 
production in monocytes derived dendritic cells (MoDCs), while reducing oxidative 
phosphorylation, a metabolic hall mark of the MoDCs inflammatory phenotype [6, 
7]. This is similarly observed in the naturally occurring blood CD1c+ myeloid DCs [8]. 
Alternatively, DCs rely on fatty acid oxidation during early differentiation to fuel 
the tricarboxylic acid (TCA) cycle and produce energy by oxidative phosphorylation, 
which are essential for DCs tolerance [9-11]. Interfering with DCs metabolism can 
modulate their phenotype and function and can therefore be an interesting point 
of therapeutic intervention in inflammatory diseases [12].

CES1 enzyme is a serine hydrolase for xenobiotics and endogenous compounds 
containing esters, thioesters and amide-groups such as triacylglycerols and 
cholesterol esters [13]. CES1 is mainly expressed in hepatocytes, mononuclear 
myeloid cells and adipose tissue [14]. Among immune cells, CES1 is exclusively 
expressed in mononuclear myeloid cells [15] and increases significantly in response 
to inflammatory stimuli, downstream of NFκB signaling [16]. In vitro studies of CES1 in 
mononuclear myeloid cells have largely focused on THP-1 cell line and macrophages, 
however, very little is known about DCs. Genetic deletion or pharmacological 
inhibition of CES1 in THP-1 cell line promotes foamy macrophage phenotypes due 
to impaired cholesterol ester hydrolysis and free cholesterol efflux [17, 18]. On the 
other hand, in vivo studies have largely focused on role of ces1d, murine ortholog of 
human CES1, in atherosclerosis and obesity [14, 19]. However, recent reports point 
to a role of CES1 in modulating inflammation. CES1 pharmacological inhibition 
and ces1d knockout models have both shown augmented lung inflammation [20]. 
Moreover, Reduced CES1 expression has been observed in alveolar macrophages 
from tuberculosis patients [21] and livers of alcoholic steatohepatitis patients [22]. In 
vivo, ces1 genetic deletion augments alcohol induced liver inflammation [22]. While 
CES1 may play a role in inflammation, the underlying mechanisms remain unclear.
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In the current study, we aim to explore the potential effect of CES1 pharmacological 
inhibition using WWL113, a potent and specific CES1 inhibitor [23], on DCs 
differentiation, phenotype and function. We further explore the transcriptomic 
and metabolic profile of the generated DCs as well as characteristic metabolomics 
changes. We hereby report that blocking CES1 promotes generation of MoDCs 
with enhanced inflammatory phenotype and stronger phagocytic capacity. These 
MoDCs have a distinct metabolic profile, characterized by impaired mitochondrial 
respiration and decreased intracellular amino acids. In contrary, overexpression of 
human CES1 in murine system shows less DCs inflammatory phenotype in both in 
vitro and in vivo inflammatory models. 

Methods

Compounds and reagents 
CES1 inhibitor; WWL113 (Sigma-Aldrich) was dissolved in 100% DMSO and used at 
concentrations of 0.15 μM, 0.62 μM, 2.5μM and 10μM. Detailed characterization of 
WWL113 was reported earlier [23]. Roswell Park Memorial Institute Medium (RPMI)-
1640 (Gibco), Iscove’s Modified Dulbecco’s Medium (IMDM)(Gibco), penicillin/
streptomycin (Lonza), L-Glutamine (Thermofisher Scientific), Foetal bovine serum 
(FBS) (Serana), HEPES (Thermo Fisher Scientific), phosphate buffered saline (PBS) 
(Thermofisher Scientific), ficoll (Invitrogen), MACS buffer (Miltenyi Biotec), MACS 
CD14 beads (Miltenyi Biotec), human interleukin-4 (IL4) (R&D Systems), human 
granulocyte macrophage colony-stimulating factor (hGM-CSF; R&D Systems), mouse 
granulocyte macrophage colony-stimulating factor (mGM-CSF; R&D Systems), LPS 
(E. coli 0111:B4; Sigma) and β-mercaptoethanol (Sigma-Aldrich), Zymosan particles 
(Sigma-Aldrich Chemie BV), Pam3Cys (Sigma-Aldrich). 

Human monocyte-derived dendritic cell (MoDCs) culture 
Human buffy coats from healthy donors (Sanquin Institute, Amsterdam, The 
Netherlands) were obtained ethically and their utilization in research was in 
compliance with the informed consent agreements, under a protocol approved 
by the IRB/EC or with the approval of the Medical Ethics Committee at Amsterdam 
UMC, University of Amsterdam. Peripheral mononuclear cells (PBMCs) were isolated 
from buffy coats as described earlier [24], then monocytes were separated by 
positive selection using MACS CD14+ microbeads (Miltenyi Biotec) according to the 
manufacturer’s instructions. CD14+ monocytes were cultured for five days in RPMI-
1640 medium supplemented with 10% FBS, 100 U/mL penicillin/streptomycin and 
2mM L-Glutamine and in the presence of GM-CSF (30 ng/mL) and IL4 (20 ng/mL) to 
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generate monocytes derived immature DCs (imMoDCs), then was stimulated with 
LPS (10 ng/mL) for extra 24 hours to generate mature DCs (mMoDCs). Monocytes 
were cultured at a concentration of 1x106/mL in 6-well plates during differentiation, 
then collected and re-plated in 24-well plates for LPS maturation. Monocytes were 
pre-treated with DMSO or WWL113 at indicated concentrations for 1 hour prior 
to incubation with GM-CSF and IL4, then compound was washed prior to LPS 
maturation. The supernatant was collected for cytokine or lactate measurements 
and cells were collected for subsequent applications and analysis.  

Murine bone marrow derived dendritic cell (BMDCs) culture 
Bone marrow cells were isolated from tibiae and femurs of adult transgenic CES1/
Es1elo/Rag-/- mice or Rag-/- mice and were cultured for 7 days in RPMI-1640 containing: 
L-glutamine, 25 mM HEPES, 10% FBS, 1% penicillin-streptomycin, β-mercaptoethanol 
and mGM-CSF (20ng/ml). Cells were cultured at density of 5x105/ml, medium were 
refreshed at day 3 and day 6, then after 7 days of culture in mGM-CSF, cells were 
collected and seeded in 24 well plate at density of 1x106/ml and stimulated with 100 
ng/mL LPS or 10 Zymosan particles/cell or 10 ng/mL Pam3Cys or left unstimulated 
for 24 hours then supernatants were collected for cytokines analysis.  

T cell transfer colitis model.
We applied the T cell transfer model as follows; CD4+CD45Rbhigh cells were isolated 
from spleens of C57BL/6 WT mice by magnetic bead depletion using dynabeads™ 
sheep anti-rat IgG (ThermoFisher), anti-CD11b (Biolegend), anti-CD45R (Sony) and 
anti-CD8a (Biolegend) followed by fluorescence-activated cell sorting using anti-
CD45RB-FITC and anti-CD4-PE/Cy5 (BD Bioscience). Ten to fourteen weeks old male 
and female CES1/Es1elo/Rag-/- mice or Rag-/- mice received intraperitoneally 4.5 × 
105 CD4+CD45Rbhigh cells; mice that did not receive T cells transfer served as control 
groups. Body weight was assessed three times a week then daily starting from week 
4 until sacrifice. Animals losing> 20% from their highest weight or showing sickness 
behaviour were euthanized. Rag-/- mice were sacrificed at end of week 5 while CES1/
Es1elo/Rag-/- mice and no T cell transfer mice were scarified at end of week 7. 

Cytokine measurements
Cytokines were measured in supernatants using either enzyme-linked 
immunosorbent assay (ELISA) kits (R&D systems) or cytometric bead array (CBA); 
mouse inflammation kit (BD bioscience) or human inflammatory cytokine kit (BD 
bioscience) according to the manufacturer’s protocol. Samples were analyzed using 
Biotek Synergy HT (Agilent) or flow cytometry (Fortessa) respectively. 
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Flowcytometry analysis 
MoDCs surface markers staining: following MoDCs culture, cells were collected and 
washed in PBS, stained for live/dead™ fixable near-IR dead cell stain (Thermofisher) 
for 30 minutes, then washed in FACS Buffer and stained for another 30 minutes for 
CD209-Percp-Cy5.5 (clone 9E9A8, Biolegend), CD1b-BV421 (clone M-T101, Becton 
Dickinson), CD86-FITC (clone 2331(FUN-1), Becton Dickinson), MHCII-AlexaFlour700 
(clone LN3, eBioscience), CD14-PE-CY7 (clone 16A1 , Biolegend). 

T cells intracellular cytokines staining: following mMoDCs - T cells co-culture, cells 
were harvested and plated in supplemented RPMI-1640 medium containing phorbol 
12-myristate 13-acetate (PMA, 100ng/ml) and ionomycin (1µg/ml) for 2 hours then 
brefeldin-A (10µg/ml) was added for extra 2 hours. Afterwards, cells were harvested 
and washed in PBS and stained for live/dead™ fixable near-IR dead cell stain 
(Thermofisher), then washed in FACS Buffer and stained for CD3-BV421 (clone UCHT1, 
Biolegend), then were fixed and permeabilized using FIX & PERM Cell Permealization 
kit (ThermoFisher), stained for IL17A-Percp (Clone 41802, R&D systems) IFNγ-FITC 
(clone B27, Biolegend) FOXP3-AlexaFlour647 (clone 2-6D, Biolegend). All samples 
were acquired using a FACS Fortessa (BD Biosciences) and analyzed using FlowJo 
software (Treestar Inc., Ashland, OR). 

Phagocytosis assay
Phagocytosis assay was performed using pHrodo™ Green E. coli BioParticles™ 
Conjugate (Invitrogen) according to manufacture protocol. In brief, following 
MoDCs culture, cells were collected, washed and re-plated in RPMI-1640 medium 
supplemented with 10% FBS, 100 U/mL penicillin/streptomycin and 2mM 
L-Glutamine in 96 well plates at density of 5x104 cells/well, and incubated for 
1 hour at 37C, 5% CO2 with pHrodo E.coli particle as indicated per manufacture 
protocol. Control samples were cultured without pHrodo E.coli particles (negative 
control) at 37C, 5% CO2 or with pHrodo E.coli particles at 4C (control for non specific 
particles adhesion to the outer cell surface without true phagocytosis). Afterwards, 
cells were washed in FACS buffer and acquired immediately using a FACS Fortessa 
(BD Biosciences) and analyzed using FlowJo software (Treestar Inc., Ashland, OR). 
Amount of phagocytosed particles were quantified as geometric mean of intensity 
of FITC green signal per viable cells. 

MoDCs T cell co-culture assay
CD14+ monocytes were isolated from PBMCs and differentiated to mMoDCs as 
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described above in presence of DMSO or 2.5µM or 10µM WWL113. Meanwhile 
autologous CD4+ T cells from same donors were isolated from the CD14- fraction 
using CD4+ T cell isolation kit (Miltenyi Biotec) through negative selection, then 
cultured for 6 days in RPMI-1640 medium that contains 5ng/ml recombinant human 
IL7 (R & D systems). Afterwards, mMoDCs were co-cultured with autologous T cells 
for 3 days (DCs to T cells ratio; 1:5) in RPMI-1640 medium supplemented with 10% 
FBS, 100 U/mL penicillin/streptomycin and 2mM L-Glutamine in 96 well plate at T cell 
concentration of 1x105/well. Samples with only T cell cultured in medium containing 
IL7 (5ng/ml) or co-cultured with imMoDCs, served as control samples. After 3 days 
of culture, cells are harvested for intracellular cytokines staining as described above. 

RNA isolation, transcriptomic analysis and quantitative real-time 
PCR (RT-qPCR).
RNA was isolated from MoDCs using RNeasy Plus Mini Kit (Bioline ISOLATE II) and 
according to the manufacturer’s protocol. RNA sequencing was performed on the 
NovaSeq 6000 in a 150bp paired ended fashion to a depth of 40M reads. Reads were 
subsequently aligned in a paired ended fashion using STAR (v2.7.9a) [25], whereupon 
post-alignment processing was performed using SAMtools (v1.15.1) [26]. Finally, the 
mapped reads were assigned to genes using Subread (v2.0.1) [27]. Quality control 
was performed using FastQC (v.0.11.9) [28] and MultiQC (v1.11) [29]. Raw reads were 
subsequently imported in R (v4.2.2) using Bioconductor (v3.16) package DESeq2 
(v1.38.1) where we conducted pairwise comparative analyses. Gene set enrichment 
analyses were conducted against the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [30] using the fgsea (v1.24.0). Visualizations were made using ggplot2 
(v3.34.0) [31] and pheatmap (v1.0.12) [32].

For CES1 qPCR analysis, complementary DNA (cDNA) was synthesized by random 
hexamer primers (Promega), oligo dT primers (Invitrogen), revertaid (Fermentas), 
deoxynucleotide triphosphates (Thermofisher Scientific), riboblock RNAse inhibitor 
(Fermenta) and 5x RT-buffer (Fermentas). RT-qPCR was conducted on cDNA 
products with SensiFAST SYBR No-ROX (GC Biotech) by the Biorad CFX 96. The genes 
amplified by RT-qPCR were CES1, cyclophilin and TBP. The LinRegPCR software was 
used to analyse the expression levels of CES1 gene. The geometric means of the 
housekeeping genes cyclophilin and TBP were used to normalize gene expression. 

Primers sequence (forward sequence – reverse sequence); 
CES1 (GGAACAGACGACACTGTCAAA – GCTCCAGCATCTCTGTGGTT),
cyclophilin (ACGGCGAGCCCTTGG - TTTCTGCTGTCTTTGGGACCT) 
and TBP (TCTCATGTACCCTTGCCTCC - GTGCACAAATAATGCCCCTT). 
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Lactate measurement
A master mix was prepared by combining 130 µL of 0.5M glycine-0.4M hydrazine 
buffer (pH 9.0) and 20 µL of 27mM nicotinamide adenine dinucleotide (NAD) [33]. 
Then, 5 µL of the sample supernatant was added to the master mix, and 20 µL of 
Milli-Q water. To measure lactate levels in the sample, a standard solution was 
prepared of concentrations that range from 2.5 mM to 250 µM. The fluorescence 
was measured at a wavelength of 340 nm (excitation) and 450 nm (emission) every 
2 minutes at 37 °C using the CLARIOstar microplate reader. After 6 cycles, 25 µL of 
a start solution (5 mg/mL L-lactate dehydrogenase diluted 1:50 in 0.5M glyzine-0.4 
hydrazine buffer) was added to the wells, and fluorescence was measured every 2 
minutes for up to 45 minutes.

Oxygen consumption and extracellular acidification rate 
A 96-well Seahorse plate was coated with 25 µg/ml of CelTak (Corning, Life Sciences) 
for 30 minutes at RT. The wells were washed with aquadest and left to dry in ambient 
air. The plate was then stored at 4°C. MoDCs differentiated in the presence of 10 µM 
WLL113 or DMSO were collected by centrifugation and resuspended at a density of 
1.5x106 cells/ml in modified RPMI 1640 medium (without NaHCO3 and phenol red) 
containing 5.5 mM glucose and 2 mM glutamine as substrates and supplemented 
with 0.1% BSA and 20 mM HEPES (pH 7.4). The cells were then added to the pre-
coated 96-well Seahorse plate by adding 55 µl per well. After 5 minutes of incubation 
at RT, the Seahorse plate was centrifuged at 1500 rpm for 2 minutes to induce 
adhesion of the cells to the bottom of the pre-coated wells. 120 µl of pre-warmed 
incubation medium was then carefully added to the wells and, after a pre-incubation 
of 10 min at 37C, the plate was loaded to the Seahorse XF96 analyzer (Agilent 
Technologies). After another equilibration period of about 20 min, the measurement 
of basal respiration and acidification was started. Prior to transfer of the cells to the 
Seahorse apparatus, the injection ports of the Seahorse cartridge were filled with 
25 µl of the following solutions (all diluted in medium without BSA): port A – 25 µM 
oligomycin; port B – 20 µM FCCP; port C – 25 µM antimycine + 10 µM rotenone. All 
measurement times were put at 2 min, and the number of measurements was 6 
times for the basal rate, 3 times after port A injection, 2 times after port B injection 
and 3 times after port C injection. Mixing times were put at 1 min or 2 min (after 
FCCP injection). A waiting period of 30 sec between mixing and measurement was 
also included in the protocol. After completion of the Seahorse run, most of the 
supernatant in the wells was removed by suction and the cells were fixed by addition 
of 4% paraformaldehyde (in PBS). After 15 min at RT, the fixative was decanted and 
after one wash with DNA staining buffer (5 mM EDTA-NaOH pH 8.0, 5 mM Na2SO4 and 
0.0001% Triton X-100), 75 µl of staining buffer containing Hoechst 33324 (5 µg/ml) 
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was added to all wells to determine the DNA content of each well. Samples were read 
after 24 h of incubation with Hoechst 33324. Calf thymus DNA (1 mg/ml) was used 
as reference for the Hoechst staining. The Wave software (version 2.3.0) was used for 
analysis. The oxygen consumption rate (OCR) under basal and uncoupled conditions 
was corrected for non-mitochondrial respiration, as determined after antimycine 
plus rotenone addition. 

Metabolomics analysis
Freshly isolated Human CD14+ monocytes were pretreated with 10 µM WLL113 or 
DMSO for 1 hour prior to differentiation to MoDCs as described above. Cells pellets 
were collected, snap frozen and stored in liquid nitrogen in 2 ml tubes. Metabolites 
measurements was performed by the metabolomics core facility at the Amsterdam 
UMC using ultra-high-pressure liquid chromatography as described previously [34]. 
The HPLC system consisted of an acquity binary HPLC pump, a vacuum degasser, a 
column temperature controller, and an auto sampler (Waters, Milford, MA, USA). The 
column temperature was maintained at 30C. The metabolite extract was injected 
onto a SeQuant 100 x 2.1 mm ZIC-cHILIC column, 3µm particle diameter (Merck, 
Darmstadt, Germany). Impact II QTOF (Bruker Daltoniks) mass spectrometer was used 
in the negative and/or positive electrospray ionization mode. In both the negative 
and positive ionization mode, mass spectra of the metabolites were obtained by 
continuous scanning from m/z 50 to m/z 1200 with a resolution of 50000 FHMW. List 
of measured metabolites are provided in Supplementary table S1. 

Statistical analysis
Statistical analyses were performed with GraphPad Prism version 9.0 (GraphPad 
Software Inc.). Differences between groups was assessed with the Student T-test in. 
For comparisons in multiple groups one-way ANOVA was used. .* p ≤0.05, **p ≤0.01, 
*** p ≤0.001 were considered significant.

Results 

CES1 expression peaks early during MoDCs differentiation and 
following LPS stimulation.
In order to explore the relevance of CES1 to the DCs differentiation and function, 
we first aimed to explore the temporal expression of CES1 during monocytes to 
DCs differentiation. RNA expression was analyzed in freshly isolated blood CD14+ 
monocytes and temporally throughout 5 days of differentiation to immature DCs 
with IL4 and GM-CSF cytokines mix. In accord with previous reports [35], CES1 was 
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expressed in freshly isolated CD14+ monocytes early during differentiation and 
upregulated (up to 13 fold) at day 1 during the differentiation protocol. Interestingly, 
this early peak of CES1 expression was completely abrogated to extremely low values 
around day 3 and remain very low afterwards up till complete differentiation to 
imMo-DCs. Following LPS stimulation of imMo-DCs, CES1 expression levels remained 
low at early time point (3 hours), however strong upregulation was noted at late time 
point (24 hours) as a part of the late LPS response (Figure 1A). 

CES1 inhibition promote differentiation of MoDCs with stronger 
inflammatory phenotype. 
To further explore the potential role of CES1 upregulation in MoDCs, we aimed 
to inhibit CES1 during monocytes to DCs differentiation using WWL113, a CES1 
specific inhibitor, and examined the phenotype of the generated MoDCs afterwards 
(Figure 1B). During MoDCs differentiation in presence of concentration range of 
WWL113 (0.15-10µm), the generated imMoDCs were stimulated with LPS and 
secreted inflammatory cytokines were measured in the supernatant. IL6, IL8, IL10 
and TNF secretion were increased in a dose dependent manner (Figure 1C). Flow 
cytometry analysis of DCs differentiation and activation markers were performed and 
represented as geometric mean of intensity (geoMFI) of markers of interest among 
viable imMoDCs or mMoDCs. Both CD1b and CD209 are known markers of DCs 
differentiation, but in the presence of 10µm WWL113 CD1b expression was absent. 
However CD209 was significantly upregulated. Interestingly CD86, also a known DCs 
activation marker, was upregulated in imMoDCs, most noticed in 10µm condition, 
even without LPS stimulation (Figure 1D). We next used LPS stimulation to mature 
the imMoDCs in culture. Following LPS maturation, both CD86 and MHCII expression 
were relatively higher in WWL113 treated conditions (Figure 1E), while CD1b and 
CD209 remain stable (data not shown). Collectively, pharmacological inhibition of 
CES1 during MoDCs differentiation have modulated MoDCs phenotype with primed 
inflammatory properties. 

Human CES1 transgenic overexpression in murine bone marrow 
derived dendritic cells (BMDCs) mediates attenuated inflammatory 
response to TLR ligands. 
We next aimed to examine the effect of CES1 overexpression on the inflammatory 
response of BMDCs. For that purpose, we made use of transgenic human CES1/Es1elo 
mice, which overexpress human CES1 under CD68 promotor [36], this allows for high 
CES1 expression specifically in mononuclear myeloid cells. BMDCs were generated 
from both transgenic and wild type mice strains and both are stimulated with 
multiple TLR ligands (LPS, zymosin and Pam3Cys).
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Figure 1. CES1 inhibition promotes differentiation of monocytes derived dendritic cells 
(MoDCs) with stronger inflammatory phenotype. (A) Quantitative PCR analysis of CES1 temporal 
expression upon MoDCs differentiation and following LPS stimulation. (B) Experimental design of 
CES1 pharmacological inhibition with WLL113 during MoDCs differentiation. (C) IL6, IL8, TNF and IL10 
protein secretion were measured with CBA in supernatant of 24 hours LPS stimulated MoDCs that were 
previously generated under CES1 inhibition (WWL113 treatment) as demonstrated in (B). (D-E) CD1b, 
CD209, CD86 and MHCII geometric mean of intensity as measured by flow cytometry in imMoDCs (D) 
or mMoDCs (E) following differentiation under WLL113 treatment as demonstrated in (B). MoDCs; 
monocytes derived dendritic cells, imMoDCs; immature monocytes derived dendritic cells, mMoDCs; 
mature monocytes derived dendritic cells. Statistical testing was performed using one way annova or 
student t test; * p ≤ 0.05, ** p ≤ 0.01. SEM; standard error of the mean.

IL6 secretion was significantly lower in transgenic BMDCs compared to WT BMDCs 
for the all 3 tested TLR ligands. TNF secretion demonstrated the same pattern that 
reached statistical significance for Pam3Cys. IL10 secretion followed similar pattern to 
less extent for both LPS and zymosan stimulation, but was not statistically significant. 
Lastly, CCL2 secretion did not differ between transgenic and WT BMDCs except for 
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PamCys that was significantly upregulated in transgenic BMDCs (Figure 2). We then 
wondered whether these in vitro observations has a translational impact in vivo. 
Therefore we performed a T cell transfer colitis experiment, in which wild type T cells 
are adoptively transferred to Rag-/- mice that lack T and B cells in order to establish 
a T cell mediated colon inflammation, in which endogenous DCs play a critical role 
to drive T cell activation and disease pathology (Figure S1A). We noted that CES1/
Es1elo/Rag-/- mice were more resistant to develop colitis and survived longer compared 
to Rag-/- mice controls, which might reflect a relatively lesser capacity of CES1 over 
expressing DCs to drive the T cell mediated colitis (Figure S1B). Collectively, this 
indicates a relatively less inflammatory response of CES1 over expressing BMDCs, the 
opposite effect to what we observed earlier with pharmacological inhibition of CES1 
in human MoDCs. 

Figure 2. Human CES1 transgenic overexpression in murine bone marrow derived dendritic cells 
(BMDCs) mediates attenuated inflammatory response to TLR ligands. IL6, TNF, IL10 and CCL2 protein 
secretion quantified with CBA assay in supernatant of BMDCs in response to multiple TLR agonists 
(LPS, zymosin and Pam3Cys). BMDCs generated from CES1/Es1elotransgenic mice overexpressing human 
CES1 under CD68 promotor (white bars) are compared to WT mice (grey bars). Statistical testing was 
performed using student t test; * p ≤ 0.05. SEM; standard error of the mean. 
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Human MoDCs generated under CES1 inhibition have more phagocytic 
capacity and promote Th17 differentiation.
Next, we wondered whether the observed DCs phenotype generated under CES1 
pharmacological inhibition, may have an impact on DCs functional properties. 
Therefore, we investigated the potential impact on MoDCs phagocytic and T cell 
differentiation capacity. MoDCs differentiated under DMSO, 2.5 or 10µm WWL113 
treatment, as shown in (Figure 1B), were incubated with FITC-labelled E.coli and the 
amount of internalized E.coli was assessed using flow cytometry, as a quantification 
of geoMFI of FITC, to reflect DCs phagocytic capacity. WLL113 treated MoDCs 
demonstrated higher phagocytic capacity, which was significantly evident in 10µm 
dose, both in imMoDCs and mMoDCs (Figure 3A-B). Furthermore, in order to 
assess T cell skewing property, mMoDCs were differentiated and co-cultured with 
autologous CD4+ T cells isolated from same donor, then intracellular IL17, IFNγ and 
IL10 expression were assessed within T cell using flow cytometry. Following MoDCs 
– T cell co-culture, there was an increased expression of IL17 among T cells in a dose 
dependent manner (Figure 3C-D), while no change was noted in both IL10 and 
IFNγ expression (Figure S2). Collectively, the distinctive inflammatory phenotype of 
the MoDCs, differentiated under CES1 inhibition, was also accompanied by higher 
phagocytic capacity and preferential capacity to drive Th17 skewing. 

Transcriptomic analysis of MoDCs generated under CES1 inhibition 
demonstrates modulation of multiple metabolic and  
inflammatory pathways. 
To explain the changes driven by CES1 inhibition, we aimed to study the transcriptomic 
profile of the generated DCs under WWL113 treatment, using RNA-sequencing. We 
followed the same experimental layout as in (Figure 1B) to generate imMoDCs treated 
with either DMSO, 2.5 or 10µm WWL113 for 5 days, then imMoDCs were subjected to 
3 hours of LPS stimulation prior to transcriptomic analysis. When we compared DMSO 
treated to WWl113 treated conditions, regardless of the dose, we could identify 2339 
significantly differentially expressed genes (DEGs), where 801 DEGs were upregulated, 
while 1538 DEGs were downregulated (Figure 4A). In order to examine to what extent 
the WLL113 driven DEGs changes were dose dependent, the effect sizes of DEGs were 
compared using Wald statistics. WWL113 (2.5µm) was compared to DMSO treatment 
on the x-axis, while WWL113 (2.5µm) was compared to WWL113 (10µm) treatment 
on the y-axis (Figure S3A). We could observe that most of the significantly DEGs 
were shared between the 2 comparisons, indicating a dose dependent effect of the 
WWL113 treatment. Furthermore, gene set enrichment analysis (GSEA) with functional 
annotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 
analysis has shown significant positive enrichment in response to WWL113 treatment 
for 146 pathways. 
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Figure 3. Human MoDCs generated under CES1 inhibition have more phagocytic capacity and 
promote Th17 differentiation. (A-B) The amount of phagocytosed E.coli as measured by geometric 
mean of intensity of FITC labelled E.coli following incubation with MoDCs. (A) The overlay histogram 
compares MoDCs differentiated under either DMSO or WWL113 (2.5µM and 10µM) as experimental 
design shown in Figure 2B. (B) FITC labelled E.coli geoMFI is quantified in both imMoDCs and mMoDCs. 
(C-D) Flow cytometry analysis of IL17 expression in T cells following co-culture with mMoDCs generated 
under either DMSO or WWL113 (2.5µM and 10µM). (C) FACS plots demonstrate IL17 expression among 
alive CD3+ T cells. (D) Frequency of IL17+ T cells among total CD3+ T cells is quantified. Statistical testing 
was performed using one way annova test; * p ≤ 0.05. SEM; standard error of the mean.

When we examined the top positively enriched pathways, as represented by 
normalized enrichment score (NES), we could identify multiple inflammation or 
metabolism related pathways. Among the 146 pathways, there were 31 and 26 
pathways for inflammation and metabolism respectively (Figure S3C). Given 
the function of the CES1 enzyme, we further focused on the metabolism related 
pathways. Among the 26 metabolism related pathways, we could identify some 
pathways (Figure S3C) that have a direct impact on DCs inflammatory phenotype 
switch, including the citric cycle (TCA cycle) (Figure S4), oxidative phosphorylation, 
glycolysis / gluconeogenesis (Figure S5), pentose phosphate (Figure S6), and 
biosynthesis of amino acids and purine metabolism pathways. 



149|CES1 Inhibition Promotes Inflammatory Phenotype of Dendritic Cells

4

Figure 4. Transcriptomic analysis of MoDCs generated under CES1 inhibition demonstrates 
modulation of multiple metabolic and inflammatory pathways. RNA sequencing data analysis of 
human CD14+ monocytes derived DCs (MoDCs), differentiated in presence of DMSO or WWL113 (2.5µM 
and 10µM), following 3 hours of LPS stimulation (n=3 healthy donors). (A) Volcano plot highlight top 
10 differentially up or down regulated genes, comparing DMSO and WWL113 treated MoDCs. (B) Gene 
set enrichment analysis (GSEA) with functional annotation using Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways was performed, volcano plot shows positively and negatively enriched 
pathways, inflammation and metabolism related pathways are highlighted. (C) Enrichment scores of 
citrate cycle (TCA cycle), oxidative phosphorylation, glycolysis / gluconeogenesis, pentose phosphate, 
biosynthesis of amino acids and purine metabolism pathways are shown. 
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CES1 inhibition promotes a glycolytic DCs phenotype and impairs 
mitochondrial respiration capacity. 
Our transcriptomic data revealed modulation of multiple energy metabolism 
pathways. Given the key role of DCs energy metabolism in determining DCs cellular 
functions and promoting phenotype switch, we aimed to further assess the functional 
metabolic profile of DCs differentiated under CES1 pharmacological inhibition. 
Therefore, following the same experimental layout as in (Figure 1B), we assessed 
lactate production as well as, glycolytic and mitochondrial respiratory capacities of 
WWL113 treated DCs. Lactate production was increased in response to LPS maturation, 
reflecting the glycolytic shift that characterizes the inflammatory DCs phenotype of 
MoDCs. Interestingly, WWL113 treatment resulted in significantly increased lactate 
production as compared to DMSO control for both imMoDcs and mMoDCs (Figure 
5A), reflecting an increased glycolytic activity. Next, we used Seahorse technology to 
assess the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR). 
These were measured under basal conditions, and again after oligomycin addition to 
block mitochondrial ATP synthesis. The difference in ECAR mainly reflecting glycolytic 
lactate formation [25] caused by oligomycin (delta oligo) is a good indicator of the 
mitochondrial contribution to cellular ATP production (Figure 5B). The delta oligo was 
not significantly different in the 3 donors tested (Figure 5C). Similarly, mitochondrial 
respiration was assessed under basal, oligomycin-inhibited and uncoupled (FCCP) 
conditions. With FCCP present, the maximal respiratory capacity of the mitochondria 
is measured. In both imMoDCs and mMoDCs, WWL113 treated DCs showed similar 
rates as the control cells under all 3 conditions. (Figure 5D-E). In another experiment, 
following differentiation of imMoDCs in presence of DMSO or WWL113 as shown in 
(Figure 1B), we repeated the same measurements, but with addition of WWL113 
acutely during the respirometry assay. The acute WWL113 treatment of imMoDCs 
during the assay demonstrated significant reduction of delta oligo following oligomycin 
addition (Figure S7A-B), as well as maximal respiratory capacity under uncoupled 
conditions (Figure S7C-D). This indicates a significant reduction of mitochondrial ATP 
synthesis induced by WWL113. Collectively, functional metabolic profiling of MoDCs 
demonstrated modulated mitochondrial respiration and glycolytic activity of WWL113 
treated DCs that was more evident during acute treatment.

Metabolomic analysis of MoDCs generated under CES1 inhibition 
shows distinctive metabolic profile with depletion of multiple 
amino acids.  
Given the observed DCs functional metabolic changes in response to WWL113 
treatment, we performed metabolomics profiling of MoDcs generated under 
WWL113 treatment as described in (Figure 1B). 
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Figure 5. CES1 inhibition promotes a glycolytic DCs phenotype with increased lactic acid 
production.  Lactate levels, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 
of MoDCs differentiated in presence of DMSO or 10µM WWL113 (n=3-4 healthy donors) are measured, 
experimental set up is the same as shown in figure 1B, imMoDCs represent MoDCs following 5 days 
of differentiation, this is furthered stimulated with LPS for 24 hours to generate mMoDCs, WWL113 
treatment is only applied during imMoDCs differentiation part. OCR and ECAR were measured with 
Seahorse XF96 analyzer. (A) Lactate levels were measured in the supernatant of DMSO and WWL113 
treated imMoDCs and mMoDCs. (B-C) ECAR are measured for both imMoDcs and mMoDCs under basal 
conditions and after addition of 25 µM oligomycin, 25 µM FCCP and 25 µM antimycine combined with 
10 µM rotenone, a representative donor (n=6 technical replicates) is shown in (B) and delta oligo (the 
difference between basal ECAR and ECAR after oligomycin addition; a measurement of the glycolytic 
flux) is shown for 3 donors in (C).(D-E) OCR are measured for both imMoDcs and mMoDCs under basal 
conditions and following 25 µM oligomycin, 25 µM FCCP and 25 µM Antimycine combined with 10 
µM rotenone. Uncoupled conditions indicate the maximal mitochondrial respiratory capacity, a 
representative donor (n=6 technical replicates) is shown in (D). Quantification of OCR levels under basal 
conditions, after oligomycin addition (ATP-coupled), and after FCCP addition (uncoupled) are shown 
for 3 donors in (E). Results are illustrated as mean ± SEM; standard error of the mean. Statistical testing 
was performed using student t test; * p ≤ 0.05, DMSO and WWL113 treated conditions are compared. 
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Principal component analysis (PCA) has demonstrated a distinguishable clustering 
between WWL113 and DMSO treated conditions, in imMoDCs (Figure 6A) and to less 
extent in mMoDcs (Figure 6C). Among the analyzed 122 metabolites, 26 metabolites 
were significantly changed, of which 13 metabolites were decreased, while 13 
metabolites were increased in WWL113 treated imMoDCs compared to DMSO (Figure 
6B). On the other hand, following LPS maturation, WWL113 treated DCs and displayed 
significant changes of 42 metabolites, with 3 metabolites being increased and 39 
metabolites being decreased in WWL113 treated mMoDCs (Figure 6D). In order to 
understand the relevance of these metabolomics changes, we performed pathway 
analysis of the most significantly changed metabolites, which demonstrated changes in 
pathways involved in amino acids synthesis and metabolism such as, arginine, proline, 
alanine, aspartate and glutamate, along with energy metabolism pathways, such as 
TCA cycle, pyruvate metabolism and penthouse phosphate pathway (PPP) metabolism 
(Figure 6E). Purine and pyrimidine metabolism pathways were also positively enriched 
(Figure 6E). When we compared the whole list of human amino acids between WWL113 
and DMSO treated MoDCs, we observed a striking reduction of majority of amino 
acids in WWL113 treated imMoDCs and mMoDCs (Figure 6F). We further validated 
the changed intermediate metabolites of the TCA cycle, and identified decreased levels 
of succinate, citrate and pyruvate, meanwhile, glucose 6-phosphate and malate were 
increased (Figure 7). These changed TCA intermediates reflects the CES1 mediated 
impaired mitochondrial respiration capacity (Figure 5D-E, H-I). Collectively, these data 
underscore that CES1 mediates TCA cycle activity which modulates DCs inflammatory 
reactivity and maturation.  

> Figure 6. Metabolomic analysis of MoDCs generated under CES1 inhibition shows distinctive 
metabolic profile with depletion of multiple amino acids. Concentration of 122 metabolites 
are measured by ultra-high-pressure liquid chromatography within both imMoDCs and mMoDCs, 
differentiated in presence of DMSO or 10µM WWL113 (n=6 healthy donors), experimental set up is 
the same as shown in figure 1B, imMoDCs represent MoDCs following 5 days of differentiation, this is 
furthered stimulated with LPS for 24 hours to generate mMoDCs. (A,C) Principal component analysis 
(PCA) of imMoDCs (A) and mMoDCs (C) are shown. (B,D) Volcano plots show changed metabolites in 
imMoDCs (B) and mMoDCs (D), color codes represent comparison of 10µM WWL113 treated to DMSO 
treated conditions. (E) Pathway analysis depicts impact of metabolic pathways that are enriched in 
WWL113 compared to DMSO-pretreated MoDCs. On the x-axis pathway impact scores are shown, while 
the y-axis shows -log (p-value) retrieved from pathway enrichment analysis. Pathway impact scores 
are illustrated in the volume of the circles, the colors of the circles are associated with the p-values, 
a more intense color indicates a higher p-value and thus more significantly changed metabolites in 
a particular pathway. (F) Heat maps compare amino acids concentrations between DMSO and 10µM 
WWL113 treated samples in both imMoDCs and mMoDCs, 
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Figure 7. Changes in TCA cycle intermediates metabolites reflect a disturbed mitochondrial 
respiration in MoDCs generated under CES1 inhibition. TCA cycle metabolites (malate, succinate, 
pyruvate, citrate and glucose 6-phosphate) levels and malate/succinate ratio within both imMoDCs and 
mMoDCs (n=6) are shown, as measured by ultra-high-pressure liquid chromatography, the area under 
the curve (AUC) of each metabolite was corrected for by an internal standard (AUC IS) to estimate the 
concentrations. The internal standard used was the sum of AMP, ADP and ATP (TAN). Both 10um WWL113 
and DMSO treated MoDCs were compared, results are illustrated as mean ± SEM; standard error of the 
mean. Statistical testing was performed using student t test; * p ≤ 0.05, **p ≤0.01, *** p ≤0.001. 

Discussion 

A functional role of CES1 has been extensively studied in context of metabolic 
diseases, like obesity, diabetes mellitus and atherosclerosis [19, 37, 38] , as well 
as drugs pharmacokinetics [39, 40] due to its well characterized activity in the 
metabolism of endogenous and exogenous compounds. Moreover, the notable and 
specific expression of CES1 in mononuclear myeloid cells compared to other immune 
cells [15] has prompted the development of a macrophage-targeted therapeutic 
platform to deliver highly potent anti-inflammatory drugs with minimal off target 
effects [41]. The precise function of CES1 in mononuclear myeloid cells has been 
largely overlooked except for its role in lipid metabolism. Most of the studies focused 
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on the role of CES1 in cholesterol trafficking and foamy macrophage phenotype in 
context of atherosclerosis and mainly limited to macrophage and THP-1 cell lines[17]. 
In our study, we investigate a potential role of CES1 in regulating DCs immune 
metabolism that can modulate DCs phenotype and function. 

We observed an upregulation of CES1 expression early during MoDCs differentiation 
in response to GM-CSF and IL4 signaling that later fell to very low levels. This may 
highlight a role of CES1 in shaping DCs immune metabolism early during MoDCs 
differentiation. Mammalian target of rapamycin (mTOR) and peroxisome proliferator-
activated receptor gamma (PPARγ) signalling are activated early in response to 
GM-CSF and IL4 stimulation and orchestrate the development of tolerogenic 
DCs phenotype, primarily by regulating lipid metabolism [42] and supporting 
mitochondrial biogenesis [43, 44]. CES1 and PPARγ have shown to be mechanistically 
related in macrophages [18] and hepatocytes [45], as genetic deletion or blocking 
of CES1 can reduce PPARγ signalling and decrease its downstream targets [18, 
45]. Moreover, mitochondrial respiration is impaired upon CES1 pharmacological 
inhibition or genetic deletion in hepatoblastoma cell line [45]. Therefore, we 
speculate that interfering with CES1 during DCs differentiation may have an impact 
on DCs metabolic profile as well as phenotype and functions. In our study, upon 
CES1 inhibition, the generated MoDCs exhibited stronger inflammatory phenotype 
and higher CD209 expression. CD209 is a type II transmembrane lectin receptor 
that plays important role in DCs adhesion, migration and T cell activation functions 
[46]. Previous reports show that enhancing PPARγ signalling in differentiating DCs 
is associated with less CD209 expression and altered DCs immunogenicity [47]. 
Whether observed effects following CES1 inhibition in DCs is mediated by altered 
PPARγ signalling is not conclusive and warrant further mechanistic investigations. 
Conversely, Scheaffer et al has shown an anti-inflammatory effect of blocking CES1 
in THP-1 monocytes and macrophage via regulating prostaglandin metabolism [48]. 
In contrary to our results, these finding are generated in THP-1 cell line which might 
show differences in CES1 expression and regulation compared to primary cells. 
Furthermore, CES1 might play a differential role in DCs compared to macrophages 
and monocytes that can be cell type and context dependent. 

Alternatively, transgenic expression of high levels of human CES1 in murine 
BMDCs promoted less inflammatory response, following different TLRs agonists’ 
stimulation. This anti-inflammatory effect seems to mount a protective effect for 
CES1 transgenic mice in T cell transfer colitis. However, in our T cell transfer colitis 
experiment, CES1 transgenic mice also had low blood esterase background, unlike 
control mice. Therefore, these dereferences in blood esterase activities prompt 
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further confirmation of our findings in normal esterase background mice. Recent 
reports exploring the role of CES1 in in vivo models of inflammatory diseases have 
demonstrated contradicting results. While some reports demonstrated a protective 
role in LPS induced lung inflammation [20] and alcohol induced steatohepatitis [22] 
murine models, other reports showed pro-inflammatory role in LPS induced sepsis 
model [49]. However, caution should be taken when interpreting results from in 
vivo studies and immortalized cell line due to the large differences in CES enzymes 
expression and functions between species. Mice have more than 20 isoform of 
CES enzyme, while humans have only 3 well characterized isoforms so far [13, 14]. 
Nomenclature of CES enzymes and their orthologues was also quite challenging [50]. 
Furthermore, expression pattern of same orthologue can be different among species. 
While CES1 is highly expressed in human macrophages, the murine orthologue 
ces1d show minimal expression in murine peritoneal macrophages which express 
other isoforms of CES enzymes [38]. Collectively, more in vivo studies are required, 
preferable using humanized transgenic CES1 mice, to explore the potential role of 
CES1 in different inflammatory diseases. 

The enhanced inflammatory phenotype of MoDCs, generated under CES1 inhibition, 
was associated with enhanced phagocytic capacity and increased T cell polarization 
towards Th17 phenotype. Metabolic adaptions of DCs are closely linked to their 
functional activities. Specific deletion of mTOR in inflammatory lung DCs modulate 
fatty acid oxidation to promote Th17 polarization [51], another report shows 
enhanced DCs Th1/17 skewing capacity upon increased free fatty acids [52]. Therefore 
CES1 inhibition allow for metabolic adaption of DCs that modulates not only DCs 
phenotype but also their key functions. This might be of clinical significance, as local 
ovarian cancer infiltration of Th17 cells is associated with favorable disease outcome. 
This is mediated by DCs that is programed to instruct stronger Th17 skewing [53]. 
Such approach is of therapeutic importance in DCs cancer vaccines design and 
showed efficacy and safety in early clinical trials [54].  

Furthermore, our transcriptomic and metabolomics analysis identified positive 
enrichment of multiple inflammatory and metabolic pathways in WWL113 treated 
MoDCs. Among most relevant and significantly modulated metabolic pathways, 
are energy production related pathways, like glycolysis, TCA cycle, oxidative 
phosphorylation and gluconeogenesis. In our experimental setup, WWL113 
treatment promoted differentiation of a glycolytic DCs phenotype, which secrete 
higher quantities of lactic acid. Functional metabolic analysis using seahorse 
respirometry did not detect significant effect on mitochondrial respiration. However 
treating MoDCs acutely demonstrated significant reduction of MoDCs mitochondrial 
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ATP production. Therefore we hypothesize that the effect of WWL113 treatment is the 
strongest early during DCs differentiation and has a long lasting effect on DCs that 
might be less evident to detect by seahorse respirometry later in a fully differentiated 
DCs. However the effect is clearly demonstrated with higher lactate levels. A recent 
report shows similar effect on mitochondrial respiration in hepatocytes following 
WWL113 acute treatment [45]. This collectively suggests a model where CES1 
inhibition compromises mitochondrial respiration which induces cellular metabolic 
shift towards glycolytic respiration. In support of this model, metabolomics analysis 
revealed decreased levels of TCA cycle intermediates, while both malate and glucose 
6-phosphate increased in CES1 treated MoDCs. Strikingly, intracellular amino acids 
levels are all decreased. However reasons behind this striking observations are not 
clear. This can be explained by consumption of amino acids to support high energy 
demands and proteins synthetic functions of the generated inflammatory DCs [55]. 
Moreover, perturbation of amino acids availability has shown to directly interfere 
with TCA cycle in MoDCs [56].  

To sum up, our study uncovers the significance of CES1 in DC differentiation by 
playing a role to meet the metabolic demands of DCs, which in turn modulate their 
phenotype and functions. Even though, we didn’t fully explore the mechanisms 
involved, we demonstrate a distinctive metabolic profile that underlies the 
modulated DCs phenotype and functions. Further studies are required to investigate 
the potential mechanistic link between the early CES1 upregulation during MoDCs 
differentiation and the key PPAR-γ and mTOR signalling pathways that orchestrates 
early DCs differentiation. Moreover, future studies should also focus on the naturally 
occurring DCs as they show different metabolic profile compared to in vitro generated 
MoDCs [57]. Our findings imply that specific manipulating of CES1 activity in DCs 
might have a functional impact of clinical significance to DCs vaccine designs and 
inflammatory diseases. 

Author Contributions: Management of the study, laboratory, and writing of the 
manuscript: A.M.I.E.; lab experiments: A.M.I.E., J.L.; study design: A.M.I.E., A.J.V.; 
bioinformatics analysis: A.Y.F.L.Y.; metabolomics data analysis: M.G.; supervision: 
W.J.d.J. and A.J.V.; reviewing and editing: W.J.d.J. and A.J.V. All authors have read 
and agreed to the published version of the manuscript.

Funding and acknowledgement: This work was supported by the European Union’s 
Horizon 2020 research and innovation program under grant agreement no. ITN-2014-
EID-641665. WJ was funded by a grant from the Dutch Economic Affairs Top Sector 



158 | Chapter 4

Life Sciences and Health (LSH)—Top Consortia for Knowledge and Innovation’s (TKI), 
grant no. TKI-LSH T2017, and the European Crohn’s and Colitis Organization (ECCO) 
Pioneer Grant, 2018. We would like to thank the metabolomics core facility at the 
Amsterdam UMC for performing mass spectrometry metabolites measurements and 
preliminary analysis. 



159|CES1 Inhibition Promotes Inflammatory Phenotype of Dendritic Cells

4

References

1. Qian, C. and X. Cao, Dendritic cells in the regulation of immunity and inflammation. Semin Immunol, 
2018. 35: p. 3-11.

2. Ganguly, D., et al., The role of dendritic cells in autoimmunity. Nat Rev Immunol, 2013. 13(8): p. 566-77.

3. Morante-Palacios, O., et al., Tolerogenic Dendritic Cells in Autoimmunity and Inflammatory Diseases. 
Trends Immunol, 2021. 42(1): p. 59-75.

4. O’Neill, L.A. and E.J. Pearce, Immunometabolism governs dendritic cell and macrophage function. J 
Exp Med, 2016. 213(1): p. 15-23.

5. Thwe, P.M., et al., Cell-Intrinsic Glycogen Metabolism Supports Early Glycolytic Reprogramming 
Required for Dendritic Cell Immune Responses. Cell Metab, 2017. 26(3): p. 558-567 e5.

6. Perrin-Cocon, L., et al., Toll-like Receptor 4-Induced Glycolytic Burst in Human Monocyte-Derived 
Dendritic Cells Results from p38-Dependent Stabilization of HIF-1alpha and Increased Hexokinase II 
Expression. J Immunol, 2018. 201(5): p. 1510-1521.

7. Everts, B., et al., Commitment to glycolysis sustains survival of NO-producing inflammatory dendritic 
cells. Blood, 2012. 120(7): p. 1422-31.

8. Basit, F., et al., Human Dendritic Cell Subsets Undergo Distinct Metabolic Reprogramming for Immune 
Response. Front Immunol, 2018. 9: p. 2489.

9. Sim, W.J., P.J. Ahl, and J.E. Connolly, Metabolism Is Central to Tolerogenic Dendritic Cell Function. 
Mediators Inflamm, 2016. 2016: p. 2636701.

10. Malinarich, F., et al., High mitochondrial respiration and glycolytic capacity represent a metabolic 
phenotype of human tolerogenic dendritic cells. J Immunol, 2015. 194(11): p. 5174-86.

11. Adamik, J., et al., Distinct metabolic states guide maturation of inflammatory and tolerogenic dendritic 
cells. Nat Commun, 2022. 13(1): p. 5184.

12. Palsson-McDermott, E.M. and L.A.J. O’Neill, Targeting immunometabolism as an anti-inflammatory 
strategy. Cell Res, 2020. 30(4): p. 300-314.

13. Wang, D., et al., Human carboxylesterases: a comprehensive review. Acta Pharm Sin B, 2018. 8(5): p. 
699-712.

14. Lian, J., R. Nelson, and R. Lehner, Carboxylesterases in lipid metabolism: from mouse to human. 
Protein Cell, 2018. 9(2): p. 178-195.

15. Elfiky, A.M.I., et al., A BET Protein Inhibitor Targeting Mononuclear Myeloid Cells Affects Specific 
Inflammatory Mediators and Pathways in Crohn’s Disease. Cells, 2022. 11(18).

16. Capece, D., et al., Enhanced triacylglycerol catabolism by carboxylesterase 1 promotes aggressive 
colorectal carcinoma. J Clin Invest, 2021. 131(11).

17. Crow, J.A., et al., Inhibition of carboxylesterase 1 is associated with cholesteryl ester retention in human 
THP-1 monocyte/macrophages. Biochim Biophys Acta, 2008. 1781(10): p. 643-54.

18. Mangum, L.C., et al., Silencing carboxylesterase 1 in human THP-1 macrophages perturbs genes 
regulated by PPARgamma/RXR and RAR/RXR: down-regulation of CYP27A1-LXRalpha signaling. 
Biochem J, 2018. 475(3): p. 621-642.

19. Wei, E., et al., Loss of TGH/Ces3 in mice decreases blood lipids, improves glucose tolerance, and increases 
energy expenditure. Cell Metab, 2010. 11(3): p. 183-93.

20. Szafran, B.N., et al., Carboxylesterase 1d Inactivation Augments Lung Inflammation in Mice. ACS 
Pharmacol Transl Sci, 2022. 5(10): p. 919-931.

21. Lavalett, L., et al., Alveolar macrophages from tuberculosis patients display an altered inflammatory 
gene expression profile. Tuberculosis (Edinb), 2017. 107: p. 156-167.



160 | Chapter 4

22. Xu, J., et al., Carboxylesterase 1 Is Regulated by Hepatocyte Nuclear Factor 4alpha and Protects Against 
Alcohol- and MCD diet-induced Liver Injury. Sci Rep, 2016. 6: p. 24277.

23. Dominguez, E., et al., Integrated phenotypic and activity-based profiling links Ces3 to obesity and 
diabetes. Nat Chem Biol, 2014. 10(2): p. 113-21.

24. Jaatinen, T. and J. Laine, Isolation of mononuclear cells from human cord blood by Ficoll-Paque density 
gradient. Curr Protoc Stem Cell Biol, 2007. Chapter 2: p. Unit 2A 1.

25. Dobin, A., et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 2013. 29(1): p. 15-21.

26. Li, H., et al., The Sequence Alignment/Map format and SAMtools. Bioinformatics, 2009. 25(16): p. 
2078-9.

27. Liao, Y., G.K. Smyth, and W. Shi, The Subread aligner: fast, accurate and scalable read mapping by 
seed-and-vote. Nucleic Acids Res, 2013. 41(10): p. e108.

28. Simon Andrews, B.I. A quality control tool for high throughput sequence data. 2019 2023]; Available 
from: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

29. Ewels, P., et al., MultiQC: summarize analysis results for multiple tools and samples in a single report. 
Bioinformatics, 2016. 32(19): p. 3047-8.

30. Laboratories, K. KEGG Database. 1995 [cited 2023; Available from: https://www.genome.jp/kegg/
kegg1.html.

31. H, W. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. . 2016 [cited 2023; 
Available from: https://ggplot2.tidyverse.org.

32. Kolde, R. Implementation of heatmaps that offers more control over dimensions and appearance. 2019 
[cited 2023; Available from: https://CRAN.R-project.org/package=pheatmap.

33. Gilglioni, E.H., et al., Improved oxygenation dramatically alters metabolism and gene expression in 
cultured primary mouse hepatocytes. Hepatol Commun, 2018. 2(3): p. 299-312.

34. van Weeghel, M., et al., Profiling of intracellular metabolites produced from galactose and its potential 
for galactosemia research. Orphanet J Rare Dis, 2018. 13(1): p. 146.

35. Markey, G.M., Carboxylesterase 1 (Ces1): from monocyte marker to major player. J Clin Pathol, 2011. 
64(2): p. 107-9.

36. Iqbal, A.J., et al., Human CD68 promoter GFP transgenic mice allow analysis of monocyte to 
macrophage differentiation in vivo. Blood, 2014. 124(15): p. e33-44.

37. Quiroga, A.D., et al., Deficiency of carboxylesterase 1/esterase-x results in obesity, hepatic steatosis, 
and hyperlipidemia. Hepatology, 2012. 56(6): p. 2188-98.

38. Jones, R.D., et al., Carboxylesterases are uniquely expressed among tissues and regulated by nuclear 
hormone receptors in the mouse. Drug Metab Dispos, 2013. 41(1): p. 40-9.

39. Her, L. and H.J. Zhu, Carboxylesterase 1 and Precision Pharmacotherapy: Pharmacogenetics and 
Nongenetic Regulators. Drug Metab Dispos, 2020. 48(3): p. 230-244.

40. Song, Y.Q., et al., Carboxylesterase inhibitors from clinically available medicines and their impact on 
drug metabolism. Chem Biol Interact, 2021. 345: p. 109566.

41. Ghiboub, M., et al., Selective Targeting of Epigenetic Readers and Histone Deacetylases in Autoimmune 
and Inflammatory Diseases: Recent Advances and Future Perspectives. J Pers Med, 2021. 11(5).

42. Szatmari, I., et al., PPARgamma regulates the function of human dendritic cells primarily by altering 
lipid metabolism. Blood, 2007. 110(9): p. 3271-80.

43. Wculek, S.K., et al., Metabolic Control of Dendritic Cell Functions: Digesting Information. Front 
Immunol, 2019. 10: p. 775.

44. Zaccagnino, P., et al., An active mitochondrial biogenesis occurs during dendritic cell differentiation. 
Int J Biochem Cell Biol, 2012. 44(11): p. 1962-9.



161|CES1 Inhibition Promotes Inflammatory Phenotype of Dendritic Cells

4

45. Li, G., et al., Interfering with lipid metabolism through targeting CES1 sensitizes hepatocellular 
carcinoma for chemotherapy. JCI Insight, 2023. 8(2).

46. Svajger, U., et al., C-type lectin DC-SIGN: an adhesion, signalling and antigen-uptake molecule that 
guides dendritic cells in immunity. Cell Signal, 2010. 22(10): p. 1397-405.

47. Zhu, W., et al., PPAR-gamma agonist pioglitazone regulates dendritic cells immunogenicity mediated 
by DC-SIGN via the MAPK and NF-kappaB pathways. Int Immunopharmacol, 2016. 41: p. 24-34.

48. Scheaffer, H.L., et al., Inactivation of CES1 Blocks Prostaglandin D(2) Glyceryl Ester Catabolism in 
Monocytes/Macrophages and Enhances Its Anti-inflammatory Effects, Whereas the Pro-inflammatory 
Effects of Prostaglandin E(2) Glyceryl Ester Are Attenuated. ACS Omega, 2020. 5(45): p. 29177-29188.

49. Zhou, Q., et al., Pig Liver Esterases Hydrolyze Endocannabinoids and Promote Inflammatory Response. 
Front Immunol, 2021. 12: p. 670427.

50. Holmes, R.S., et al., Recommended nomenclature for five mammalian carboxylesterase gene families: 
human, mouse, and rat genes and proteins. Mamm Genome, 2010. 21(9-10): p. 427-41.

51. Sinclair, C., et al., mTOR regulates metabolic adaptation of APCs in the lung and controls the outcome 
of allergic inflammation. Science, 2017. 357(6355): p. 1014-1021.

52. Stelzner, K., et al., Free fatty acids sensitize dendritic cells to amplify TH1/TH17-immune responses. Eur 
J Immunol, 2016. 46(8): p. 2043-53.

53. Cannon, M.J., et al., Modulation of p38 MAPK signaling enhances dendritic cell activation of human 
CD4+ Th17 responses to ovarian tumor antigen. Cancer Immunol Immunother, 2013. 62(5): p. 839-
49.

54. Block, M.S., et al., Th17-inducing autologous dendritic cell vaccination promotes antigen-specific 
cellular and humoral immunity in ovarian cancer patients. Nat Commun, 2020. 11(1): p. 5173.

55. Brombacher, E.C. and B. Everts, Shaping of Dendritic Cell Function by the Metabolic Micro-
Environment. Front Endocrinol (Lausanne), 2020. 11: p. 555.

56. Kakazu, E., et al., Plasma amino acids imbalance in cirrhotic patients disturbs the tricarboxylic acid 
cycle of dendritic cell. Sci Rep, 2013. 3: p. 3459.

57. Minarrieta, L., et al., Dendritic cell metabolism: moving beyond in vitro-culture-generated paradigms. 
Curr Opin Biotechnol, 2021. 68: p. 202-212.



162 | Chapter 4

Supplementary figures and tables

Figure S1. Transgenic human CES1 mice are less susceptible to T cell transfer induced colitis.  
(A) A schematic of the T cell transfer colitis model experimental design. (B) Weight changes are indicated 
as percentage of initial body weight, both Rag-/- and CES1/Es1elo/Rag-/- mice are compared for body 
weight and survival, both were sacrificed upon reaching human end point at day 36 and 49 respectively.  
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Figure S2. Human MoDCs generated under CES1 inhibition have no impact on Th1 or Tregs 
differentiation. Flow cytometry analysis of IFNγ and IL10 expression in T cells following co-culture 
with mMoDCs generated under either DMSO or WWL113 (2.5µM and 10µM). (A) FACS plots demonstrate 
IFNγ expression among alive CD3+ T cells. (B) Frequency of IFNγ + T cells among total CD3+ T cells is 
quantified. (C) FACS plots demonstrate IL10 expression among alive CD3+ T cells. (D) Frequency of IL10 + 
T cells among total CD3+ T cells is quantified. 
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Figure S3. Transcriptomic analysis of top deferentially expressed genes and pathways in MoDCs 
generated under CES1 inhibition.RNA sequencing data analysis of human CD14+ monocytes derived 
DCs (MoDCs) differentiated in presence of DMSO or WWL113 (2.5µM and 10µM) following 3 hours of 
LPS stimulation (n=3 healthy donors). (A) Comparison of the Wald statistic obtained from DESeq2 when 
comparing 2.5µM WWL13 with DMSO, and 10µM WWL13 with DMSO on the x- and y-axes, respectively. 
The top 10 up- and downregulated genes (DEGs) in dose dependent manner are highlighted and 
further demonstrated in heat map (B), comparing WWL113 vs. DMSO (n = 3) in MoDCs following LPS 
stimulation. (C) Gene set enrichment analysis (GSEA) of inflammation and metabolism related pathways 
with functional annotation using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, are 
shown. Both inflammation and metabolism related pathways are differentiated by color code, 
normalized enrichment scores (NES) are plotted.
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Figure S4. Transcriptomic analysis of top deferentially expressed TCA cycle related genes. (A) The 
KEGG TCA cycle pathway with colors representing the effect size obtained from interaction analysis. 
RNA sequencing analysis of MoDCs differentiated in presence of WWL113 or DMSO (n = 3) are compared 
following 3 hours of LPS stimulation. (B) Heat map of top differentially expressed genes in the TCA 
cycle pathway compares WWL113 vs. DMSO (n = 3) conditions, both 2.5µM and 10µM WWL113 doses 
are shown.
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Figure S5. Transcriptomic analysis of top deferentially expressed glycolysis / gluconeogenesis 
related genes. (A) The KEGG glycolysis / gluconeogenesis pathway with colors representing the effect 
size obtained from interaction analysis. RNA sequencing analysis of MoDCs differentiated in presence 
of WWL113 or DMSO (n = 3) are compared, following 3 hours of LPS stimulation. (B) Heat map of top 
differentially expressed genes in glycolysis / gluconeogenesis pathway compares WWL113 vs. DMSO 
(n = 3) conditions, both 2.5µM and 10µM WWL113 doses are shown.
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Figure S7. CES1 inhibition impairs MoDCs mitochondrial respiration capacity and induce switch 
towards glycolysis. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) are 
measured in imMoDCs, differentiated in presence of DMSO or 10µM WWL113 (n=3 healthy donors), 
then treated acutely with DMSO or 10µM WWL113 during the Seahorse XF96 assay. (A) Representative 
donor of measured ECAR (n=4-6 technical replicates) and (B) delta oligo of 3 donors are shown.  
(C) Representative donor of measured OCR (n=4-6 technical replicates) and (D) quantification of 
OCR levels under basal conditions, after oligomycin addition (ATP-coupled), and after FCCP addition 
(uncoupled) of 3 donors are shown. Results are illustrated as mean ± SEM; standard error of the mean. 
Statistical testing was performed using student t test; * p ≤ 0.05, DMSO and WWL113 treated conditions 
are compared.
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Abstract 

Inflammatory bowel disease (IBD) is chronic intestinal inflammation of multifactorial 
complex aetiology. T cells have been identified as the main culprits behind the 
pathogenesis of these disorders, and as such, they have become the main target 
for treatment. Bromodomain and extra terminal domain (BET) inhibitors have 
demonstrated potent anti-inflammatory activity in both in vitro and in vivo models 
of inflammation mediated diseases. However efficacy in preclinical models of 
inflammatory bowel disease (IBD) is inconclusive. Bromodomain 2 (BD2) selective 
inhibition is shown to be more specific to inflammatory response therefore can 
mitigate potential off target effects of pan BET inhibition including gastrointestinal 
toxicity and thus improves the tolerability and therapeutic efficacy in the complex 
pathology of IBD. In the current study, we aim to investigate the efficacy of GSK620, 
a specific BD2 inhibitors, along with I-BET151, a pan BET inhibitor, in T cell transfer 
colitis preclinical model of IBD. We applied our intervention in therapeutic manner 
following establishment of active colon inflammation for 3 weeks. We demonstrated 
only modest clinical efficacy of both GSK620 and I-BET151 treatment, only improving 
weight loss. Both inhibitors significantly reduced circulating inflammatory cytokines 
(IL12, IL6, IFNγ and TNFα), indicating efficient systemic anti-inflammatory activity. 
However local intestinal inflammatory cytokines did not improve except at low dose 
(1mg/kg) GSK620 treatment that shows trends towards reduced colon IFNγ and TNFα. 
In conclusion, GSK620 and I-BET151 are efficient to reduce systemic inflammatory 
response in preclinical model of IBD. However, this is not translated to significant 
reduction of intestinal inflammation. 

Keywords: BD2, BET, IBD.  
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Introduction

Bromodomain and extra terminal domain (BET) proteins are group of epigenetic readers 
that bind acetylated histone residues to facilitate genes transcription [1]. BET inhibition 
demonstrates strong pro-apoptotic and anti-inflammatory proprieties in multiple 
preclinical models of cancer and inflammatory diseases [1, 2]. However multiple adverse 
events are reported in clinical trials attributable to their wide range of activities [3]. 

BET proteins family contains 4 members, BRD2, BRD3, BRD4 and BRDT. Structurally 
they share common 2 bromodomains, BD1 and BD2, while each individual protein 
has an extra distinctive terminal domain [1]. Mechanistic studies show that BD1 
is sufficient to anchor BET protein to acetylated histone residue [4]. Furthermore, 
distinctive functional roles of BD1 and BD2 during homeostasis and inflammation 
are identified. While BD1 allows for BET protein localization within chromatin and 
permits genes expression for homeostatic cellular functions, BD2 is essential for 
recruitment and binding of transcription factors during activated cellular states. 
Therefore specifically targeting BD2 would interfere with inflammatory signalling 
meanwhile maintaining other homeostatic cellular transcriptional programs essential 
for cell survival. BD2 inhibition has shown efficacy in ameliorating inflammation in 
preclinical models of rheumatoid arthritis, psoriasis and non-alcoholic fatty liver 
disease (NAFLD) with similar efficacy to standard therapies [5]. In collagen induced 
arthritis rat model, GSK620 (BD2 inhibitor) shows similar efficacy to the pan-BET 
inhibitor I-BET151 [5]. On the other hand, specific BD2 inhibition has demonstrated 
better safety profile. ABBV-744 (BD2 inhibitor) exhibits less haematological and 
gastrointestinal toxicities compared with pan-BET inhibitor [6]. RVX-208, another 
BD2 inhibitor is extremely well tolerated, with safety data exceeding 2700 patient 
years [7]. Collectively, targeting BD2 might be a very promising and safer therapeutic 
strategy to benefit from BET inhibitors therapeutic potentials in inflammatory 
diseases meanwhile minimizing their clinically limiting wide range of toxicities. 

Despite efficiency of pan-BET inhibitors in multiple preclinical models of immune 
mediated inflammatory diseases [8], the outcome in inflammatory bowel disease 
(IBD) is uncertain. Contradictory results were obtained from T cell mediated murine 
colitis model [9, 10]. The proposed anti-inflammatory efficacy maybe hampered by the 
known gastrointestinal toxicity of pan-BET inhibitors [11]. Therefore, we hypothesize 
that selective inhibition of BD2 domain might allow for potent anti-inflammatory 
effect while mitigating gastrointestinal toxicity resulting in resolution of colonic 
inflammation. In the current study, we aim to evaluate the effect of pan-BET inhibitor 
(I-BET151) and BD2 selective inhibitor (GSK620) in T cell transfer colitis model of IBD.
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Materials and Methods

Mice
C57BL/6NCrl wild type female mice were purchased from Charles River laboratories 
and our own in-house bred female RAG1-/- were used. All animal studies were ethically 
reviewed and carried out in accordance with European Directive 2010/63/EEC, the 
guidelines of the Ethical Animal Research Committee of the University of Amsterdam, 
and the GSK Policy on the Care, Welfare and Treatment of Animals.

T cell transfer colitis model
30female C57BL/6NCrl mice (donors) 8-12 weeks old  are sacrificed, spleens are 
harvested and CD4+CD45RBhigh were isolated as following; splenocytes were 
negatively enriched through dynabeads™ sheep anti-rat IgG (ThermoFisher), 
anti-CD11b (Biolegend), anti-CD45R (Sony), and anti-CD8a (Biolegend), then 
CD4+CD45RBhigh were sorted by fluorescence-activated cell sorting using anti-
CD45RB-FITC and anti-CD4-PE/Cy5 (BD Bioscience). CD4+CD45RBhigh T cells are 
suspended in PBS and administered intraperitoneally  to 66 female RAG1-/- mice 
(approx. 300, 000 cells per mouse in 100 ul PBS), meanwhile 6 mice did receive PBS 
only to serve as control group for the colitis. After three weeks of transfer, colon 
inflammation was confirmed by endoscopy. Transfer mince were randomized into 
5 groups, each consists of 11 mice and received daily intraperitoneal injections of 
either vehicle or I-BET151 or GSK620 (1 or 3 or 10 mg/kg) respectively for 3 weeks. 
Non-transfer control mice received vehicle. All mice were treated for 3 weeks until 
they were sacrificed at end of the 6th week. Body weight was measured three times a 
week and then daily after the start of compounds treatment until sacrifice. 

Following sacrifice; blood, colon and spleen were harvested. Blood was collected into 
EDTA tubes and placed on roller for minimum 5 minutes, centrifuged at 12500 rpm for 
10 min, plasma decanted into Eppendorf tube and stored frozen (-80oC) until required. 
Spleen and Colon were weighed, colon length was measured and colon density (weight 
/ length ratio) was calculated. Colon then was opened, cut longitudinally, rolled using 
"Swiss roll" technique and fixed in 10% buffered formalin for histology. Small parts of 
terminal colon (minimum 2 pieces of 30 mg) and spleen were weighed and snap frozen 
for later RNA and / or protein expression analysis. The swiss rolls were processed, cut 
and stained with H/E for histopathological scoring according to parameters indicated 
in table S1.

Mice colon and serum cytokines measurement
Frozen colon tissue was homogenized on ice in lysis buffer (150 mM NaCl, 15 
mM Tris, 1 mM MgCl·6H2O, 1 mM CaCl2, 1% Triton) with added protease inhibitor 
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cocktail (Roche Applied Science), pH 7.4, diluted 1:1 with PBS. Blood was collected 
via cardiac puncture following mice sacrifice, allowed to clot at room temperature, 
then centrifuged and serum was collected. In colon tissue lysates or serum, protein 
concentrations of IL6, IL10, TNFα, IFNγ, IL12 and MCP-1 were measured with a mouse 
inflammation kit by BD cytometric bead assay (BD Bioscience) according to the 
manufacturer's protocol. Colon protein expression was normalized to total protein 
per sample as measured by BCA Protein Assay Kit (Pierce).

Quantitative real time PCR 
RNA was isolated using RNeasy mini kit (Qiagen) following the manufacturer’s 
protocol. Complementary DNA (cDNA) was synthesized using deoxynucleotide 
triphosphates (Thermo Fisher Scientific), Random primers (Promega), Oligo dT 
primers (Invitrogen), Revertaid, and Ribolock (both Fermentas). Quantitative PCR was 
performed using SensiFAST SYBR No-ROX (GC Biotech) and were run on a LightCycler 
480 II (Roche Applied Science) to analyze expression levels of murine TNFα, IL1β, IL6, 
IL10 and IL12b using LinRegPCR software. For normalization, murine 36B4, NONO 
and EEF2 were used as reference genes. Primers (Sigma) are listed in table S2. 

Results 

Pan-BET and BD2 inhibitors ameliorate systemic inflammation but 
only show modest clinical efficacy. 
In order to investigate the potential therapeutic benefits of selective targeting of 
BD2 over nonspecific BET inhibition, we made use of T cells transfer colitis model 
as detailed in methods. After 3 weeks of treatment with either GSK620 or I-BET151 
following established intestinal inflammation, we assessed different clinical 
parameters of the model. We observed improvement of weight loss in mice groups 
treated with I-BET151 and low doses of GSK620 (1 and 3 mg/kg) respectively that 
reaches statistical significance for I-BET151 and 3 mg/kg GSK620 (Figure 1A, B). 
However other clinical parameters of the model only showed modest improvement. 
Colon density, a measure of colon edema, did not improve in any of treatment 
groups (Figure 1C). Meanwhile spleen weight corrected for individual mice weight 
did not show significant change from vehicle treated control group, only modest 
improvement was observed in GSK620 treated groups at both low (3 mg/kg) and 
high (10mg/kg) doses, yet not statistically significant (Figure 1D). Blinded histo-
pathogical examination of the mice colon sections were done to objectively assess 
colon inflammation. Among all treatment groups, only low dose GSK620 did 
demonstrate a trend towards improved total histology scores (Figure 1E), largely 
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attributable to improved crypts loss and hyperplasia scores (Figure S1). However it 
did not reach statistical significance. Collectively clinical efficacy of both I-BET151 
and GSK620 was modest in T cell transfer colitis model. 
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Figure 1. GSK620 and I-BET151 show modest clinical efficacy in T cell transfer colitis model.  
T cell transfer model; mice received CD4+CD45RBhigh T cells to induce colitis at day 0, then after 3 weeks 
treatment start for another 3 weeks. Weight curve data are indicated as percentage of initial body weight 
for (A) I-BET151 and (B) GSK620 respectively. (C) Colon density (weight mg / length cm ratio) and (D) 
normalized spleen weight (spleen weigh mg / total mouse weight gm ratio) were measured at sacrifice. 
(D) Colon histopathology scores were graded from 0 to 24 points by an experienced pathologist. 4 
parameters were scored goblet cell loss, crypt loss, crypt hyperplasia and submucosal inflammation, 
each scored from 0-3 and the total score was calculated using this formula (goblet cell loss + 2 x Crypt 
loss + 2 x crypt hyperplasia + 3 x submucosal inflammation). Data are represented as mean with SEM, 
*P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001.
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Figure 2. GSK620 and I-BET151 significantly reduced circulating inflammatory cytokines in T cell 
transfer colitis model. Mice blood serum was collected at sacrifice, IL6, IL12, IL10, MCP-1, TNFα and 
IFNg cytokines were measured using mouse inflammation CBA kit. Data are represented as mean with 
SEM, *P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001.

Low dose BD2 inhibitor shows modest superior effect on intestinal 
inflammatory cytokines compared to pan-BET inhibitor. 

Despite modest clinical efficacy, both I-BET and GSK620 significantly reduced multiple 
circulating inflammatory cytokines, including IL12, IL6, IFNγ and TNFα to variable 
degrees but not MCP-1 (Figure 2). Moreover no effect was observed on IL10 levels, 
however most of IL10 values were below detection limit making them less reliable. 
While both inhibitors showed similar effects towards serum cytokines, only low dose 
(1 mg/kg) GSK620 demonstrated a trend towards improved colon inflammatory 
cytokines particularly IFNγ and TNFα at protein levels (Figure 3A) and IL6 and TNFα 
at mRNA expression levels (Figure 3B). Moreoevr, Colon IL10 RNA expression remain 
unchanged across all groups except at low dose GSK620 treatment, that lead to slight 
upregulation of IL10, yet not statistically significant (Figure 3B) . Collectively both 
inhibitors demonstrated significant systemic anti-inflammatory efficacy however that 
did not translate to a successful resolution of colitis.
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Discussion and concluding remarks 
In this study, we were not able to demonstrate a sufficient clinical efficacy of GSK620 
in a T cell driven preclinical model of IBD. Despite apparent effect on reducing 
systemic inflammation, local intestinal inflammation seems to be ongoing. This 
can be explained by a potential gastrointestinal toxicity of GSK620, which is largely 
elusive. Of particular relevance to IBD, BET inhibition is associated with significant 
gastrointestinal toxicity [11] which may explain the unfavourable clinical efficacy 
despite efficient systemic anti-inflammatory effect of different BET inhibitors. 
Despite that GSK620 is well characterized and has shown superior affinity to BD2 
over BD1 of few hundred folds in in vitro assays [5], this degree of selectivity might 
not be sufficient to avoid un-desirable adverse effects in vivo. Recently, more specific 
inhibitor with more than 5000 fold selectivity towards BD2 is reported [12]. Moreover 
multiple other BD2 selective inhibitors are developed, including ABBV-744 [6], 
GSK973 [13] and GSK046 [14]. ABBV-744 is reported to have less gastrointestinal 
toxicity [6]. In this context, ABBV-744 might be interesting candidate to investigate 
in IBD. However, more specific inhibitors are expected to be available soon therefore 
screening of potential BD2 inhibitor candidates in ex vivo organoid models for 
potential toxicity on intestinal epithelium will be highly helpful for better selection 
of suitable drug candidates with highly favourable outcome in IBD. 

In conclusion, BD2 inhibition might be a very interesting approach to harness the 
potential anti-inflammatory benefits of BET inhibition in IBD given specificity is 
improved and gastrointestinal toxicity are mitigated. 
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Figure 3. Intestinal inflammatory cytokines are only modestly affected by GSK620 and I-BET151. 
(A) Protein levels of TNFα, IFNγ, and MCP-1 in colon homogenates were quantified using mouse 
inflammation CBA kit, normalized for total protein levels. (B) mRNA levels of TNFα, IL10 and IL6 in colon 
homogenates were measured and normalized to geometric mean of reference genes (mNONO, mEEF2 
and m36B4). Data are represented as mean with SEM, *P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001.
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Supplementary tables and figures 

Table S1. Histology inflammation score (T cell transfer colitis model).

Item / Score 0 1 2 3

Goblet cell loss 0% <10% 10-50% > 50%

Crypt loss Normal
<10% decrease 

in density
>10% decrease in density ---

Crypt 
hyperplasia

None
slightly increased 

crypt length
2 to 3 times increase in 

crypt length
>3 times increase in 

crypt length

Submucosal 
infiltrate

None
individual 

infiltrating cells
infiltrates large infiltrates

Total score = goblet cell loss score + 2 x crypt loss score + 2 x crypt hyperplasia score +  
3 x submucosal inflammation score.

Table S2. qPCR primers

Gene Forward sequence Reverse sequence

36B4 CCAGCGAGGCCACACTGCTG ACACTGGCCACGTTGCGGAC

NONO AAAGCAGGCGAAGTTTTCATTC ATTTCCGCTAGGGTTCGTGTT

EEF2 TGTCAGTCATCGCCCATGTG CATCCTTGCGAGTGTCAGTGA

TNFα TGGAACTGGCAGAAGAGGCACT CCATAGAACTGATGAGAGGGAGGC

IL1β GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG

IL6 GAGTTGTGCAATGGCAATTCTG TGGTAGCATCCATCATTTCTTTGT

IL10 TGTCAAATTCATTCATGGCCT ATCGATTTCTCCCCTGTGAA

I L12b AGACCCTGCCCATTGAACTG CGGGTCTGGTTTGATGATGTC
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Figure S1. Histopathological scoring parameters. Individual histopathological scores of goblet cell 
loss, crypt loss, crypt hyperplasia and submucosal inflammation are shown. Data are represented as 
mean with SEM. 
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 Abstract

Background & Aims: Vedolizumab (VDZ) is a monoclonal antibody approved for 
treating Crohn’s disease (CD) by abrogating the gut-homing behavior of various 
leukocytes. Despite its efficacy, non-response to VDZ is common in clinical practice. 
Here, we performed an observational case-control study to interrogate the dif-
ferences between responders and non-responders to VDZ during treatment.

Methods: CD patients on VDZ treatment were classified as steroid-free responder 
or non-responder based on endoscopic- (≥3 drop in Simple Endoscopic Score for 
Crohn’s Disease (SES-CD)), biochemical (≥50% reduction in C-reactive protein (CRP) 
and fecal calprotectin) and/or clinical response criteria (≥3 point drop in Harvey-
Bradshaw Index (HBI)) during which peripheral blood was collected. Peripheral 
blood mononuclear cells (PBMCs) were isolated from a cohort of four responders 
and four non-responders which were then subjected to single-cell RNA-sequencing 
(scRNAseq) and mass cytometry by time of flight (CyTOF) analyses. 

Results:The most prominent differences between responders and non-responders 
were observed in the T and myeloid compartment, which were more and less 
abundant, respectively, among non-responders. T cells from non-responders 
generally presented lower expression of inhibitors of the NFкB signaling pathway. 
Abundance-wise, a lower concentration of plasmacytoid dendritic cells (pDCs) was 
observed among non-responders, which could be correlated with a higher abundance 
of pDCs in lesional tissue based on a public dataset. Classical monocytes presented a 
different transcriptome, with non-responders presenting lower expression of genes 
involved in wound-healing and cytokine-cytokine receptor signaling. 

Conclusions: Non-response to VDZ during treatment is associated with differences 
in abundance and expression of the T and myeloid compartment.

Keywords: single-cell RNA-sequencing, scRNAseq, cytometry by time of flight, 
CyTOF, vedolizumab, therapy response, T cell, pDC, classical monocytes.
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Introduction

Crohn’s disease (CD) is an incurable, chronic, inflammatory condition of the 
gastrointestinal tract characterized by a relapsing-remitting transmural inflammation 
of the digestive tract belonging to the family of inflammatory bowel diseases (IBD). 
Current treatments for CD include the use of monoclonal antibodies that target 
mediators of inflammation with the goal of ameliorating the inflammatory pheno-
type and/or maintaining a state of clinical and endoscopic remission. One such 
monoclonal antibody is vedolizumab (VDZ), which was approved for use in CD 
patients in 2014 by the United States Food and Drug Administration as well as the 
European Medicines Agency [1].

VDZ targets the gut homing receptor complex integrin α4β7 (also known as 
lymphocyte Peyer’s patch adhesion molecule 1; LPAM-1) [2,3], which prevents it 
from binding mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1), 
a molecule expressed exclusively by the intestinal endothelial cells. By preventing 
integrin α4β7 from binding MAdCAM-1, the attachment and stabilization of 
circulating immune cells that express integrin α4β7 to high endothelial venules in 
the gut is destabilized, thereby abrogating gut-homing capabilities [4–6]. While VDZ 
has traditionally been discussed within the context of the T cell lineage [7–10], more 
recent studies suggest that the myeloid [11,12] as well as B cells [13] are affected by 
VDZ treatment as well. Despite the advances VDZ therapy has provided patient care, 
the efficacy or therapy response rate is reported to be approximately between 30% 
to 45% [1,14–16] with a recent meta-analysis indicating that loss of response towards 
VDZ among CD patients was estimated at 47.9 per 100 person-years [17]. To date, we 
have no proper understanding why only a subgroup of patient responds to therapy, 
nor do we have a prognostic biomarker for predicting response to VDZ therapy. To 
better understand how response to VDZ manifests, we conducted an exploratory 
case-control study to characterize the immune cell composition of peripheral blood 
mononuclear cells (PBMCs) from CD patients on VDZ treatment. Here, we compared 
the composition between responders and non-responders using single-cell RNA-
sequencing (scRNAseq) and cytometry by time of flight (CyTOF). 

Methods

Sample collection and preparation
Blood samples were obtained from patients included in the EPIC-CD study, which 
is a multi-center consortium with the goal of identifying prognostic biomarkers at 
the level of peripheral blood (PBL) DNA methylation capable of predicting response 
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to adalimumab, infliximab, vedolizumab, and ustekinumab prior to treatment in 
CD patients [18]. For the current study, 8 VDZ-treated CD patients (4 responders 
and 4 non-responders) were sampled for peripheral blood at a median of 26 weeks 
into treatment during routine care at the AmsterdamUMC hospital, location AMC, 
Amsterdam, Netherlands (Table 1). Patients were labeled as steroid-free responder to 
VDZ if they presented endoscopic- (≥3 drop in Simple Endoscopic Score for Crohn’s 
Disease (SES-CD)), biochemical (≥50% reduction in C-reactive protein (CRP) and fecal 
calprotectin), and/or clinical response criteria (≥3 point drop in Harvey-Bradshaw 
Index (HBI)) relative to their baseline measurements. Immediately after collecting 
peripheral blood, peripheral blood mononuclear cells (PBMC) were isolated by 
means of Ficoll (GE Healthcare) separation and IMDM medium (Gibco) supplemented 
with 10% DMSO and 50% FBS (Serana). Isolated PBMCs were stored overnight at -80 
C whereupon they were transferred to liquid nitrogen until cohort completion.

Single-cell RNA-sequencing analysis 
Samples were removed from the cryostat and thawed on ice. Thawed PBMCs were 
washed and then labelled using the hashtag oligo (HTO) antibodies for multiplexing 
purposes whereupon the oligo-tagged PBMC suspensions were then mixed and 
distributed across 6 GEM-wells on the Chromium controller (10X Genomics). 
Single-cell barcoded partitions were prepared using 10X chemistry v3 where after 
separate sequencing libraries were prepared for HTOs and the actual mRNA after 
size-selection. Libraries were sequenced on the Illumina HiSeq4000 in a 150 bp 
paired-ended fashion at the Core Facility Genomics, Amsterdam UMC. The mRNA 
libraries were sequenced on 150M reads per GEM-well, whereas the HTO libraries 
were sequenced to a depth of 50M reads per GEM-well. Raw data was imported and 
analyzed in R. A detailed overview as well as the data analyses can be found in the 
Supplementary Information. 

Mass cytometry by time-of-flight
Concurrent with the single-cell RNA-sequencing analyses, mass cytometry by time of 
flight (Cy-TOF) was performed on a separate aliquot of the PBMC samples. Here, we 
measured the cell-surface expression of 37 proteins with a particular focus on the T 
cell lineage. Acquisition was performed on the Fluidigm Helios system. Sample was 
diluted in H2O and supplemented with 10% v/v of EQ Four Element Calibration beads 
(Fluidigm). Staining, barcoding, data acquisition, and analyses were performed in R 
and are described in Supplementary Information. An overview of all the antibodies 
used and their clones can be found in Supplementary Table 1. 
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Flow cytometry of the plasmacytoid dendritic cells
In addition to using an aliquot of PBMCs of the same patients analyzed for scRNAseq 
and CyTOF, an additional two patients (1 responder and 1 non-responder) were 
included in the flow cytometry analyses. Upon thawing, PBMCs were washed in 
PBS and stained for a live/dead cell viability marker (LifeScience, Amsterdam, the 
Netherlands). Cells were subsequently stained for surface markers in FACS buffer 
(0.5% BSA, 0.01% NaN3 in PBS) using the following antibodies: CD11c-PerCP Cy5.5 
(clone: S-HCL-3, BioLegend), HLA-DR-Alexa Fluor 700 (clone: LN3, eBioscience), 
CD123-FITC (clone: 6H6, BioLegend), CD1C-PE-Cy7 (clone: L161, BioLegend), pan-
lineage (CD3/CD19/CD20/CD56)-APC (clones: UCHT1;HIB19;2H7;5.1H11, BioLegend), 
CD14-BD Horizon V500 (clone: M5E2, Becton Dickinson) and CD16-PE (clone: 3G8, 
Becton Dickinson). Acquisition was performed on the BD LSR Fortessa™, where 
plasmacytoid DCs (pDCs) were identified as (T/B/NK) Lin-HLA-DR+CD14-CD16-
CD11c-CD123+. Analysis was performed using FlowJo (Treestar) and R. The gating 
strategy can be found in the Supplementary Information. An overview of all anti-
bodies and their clones used can be found in Supplementary Table 2.

RNA-sequencing of the classical monocytes
Akin to the flow cytometric analyses, PBMCs were washed in PBS and stained for a 
live/dead cell viability marker (LifeScience, Amsterdam, the Netherlands) alongside 
the antibodies mentioned above. Cell sorting was conducted on the SH800 Cell 
Sorter (Sony). Classical, intermediate, and non-classical monocytes were identified as 
(T/B/NK) Lin-HLA-DR+CD14++CD16-, HLA-DR+CD14++CD16+, and HLA-DR+CD14+CD16+, 
respectively. The classical monocytes were sorted out and were subsequently 
processed for RNA sequencing. Due to low input material, classical monocytes mRNA 
was converted into cDNA using the Ovation RNA-seq System V2 kit (NuGEN; Agilent, 
Santa Clara, United States), whereupon sequencing libraries were prepared using 
the Ovation Ultralow System V2 kit (NuGEN; Agilent, Santa Clara, United States) and 
thereafter sequenced in a 150 bp paired-ended fashion on the Illumina NovaSeq6000 
to a depth of 40 million reads at the Amsterdam UMC Core Facility Genomics. The 
data analyses can be found in the Supplementary Information. 

Results

Cohort assembly 
CD patients on VDZ treatment were followed at the AmsterdamUMC, location AMC 
as part of routine care. All included patients provided informed consent and the 
sampling was in accordance with the institutional ethics committee (METC reference 
number: NL53989.018.15). Response to treatment in the EPIC-CD consortium was 
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defined as endoscopic- (≥50% drop in simple endoscopic score for Crohn’s Disease 
(SES-CD)) in combination with biochemical (≥50% reduction in C-reactive protein 
(CRP) and fecal calprotectin or an absolute CRP < 5.0 µg/g and fecal calprotectin 
< 250 µg/g) and/or clinical response (≥3 point drop in Harvey-Bradshaw Index 
(HBI)) in the presence of measurable drug serum concentrations and in the absence 
of corticosteroid usage. For this study, we selected a cohort of 8 CD patients at a 
median of 14 weeks into VDZ treatment, which were classified as responder (N = 4) 
and non-responder (N = 4) (Methods, Table 1,and Figure 1). 

T1: Pretreatment
Start biological 

T2: Into treatment 
Response assessment (~Week 26-52)

Regular care
Responder 
(N = 4)

Non-responder
(N = 4)

ΔCRP ≥50% OR [CRP] < 5.0 µg/gCRP

Response Criteria

ΔfCalpro ≥50% OR [fCalpro] < 250 µg/gfCalpro

ΔSES-CD ≥50%SES-CD

ΔHBI ≥3HBI

Figure 1. Sampling strategy. Peripheral blood samples were obtained from 4 CD patients that 
responded to VDZ and 4 CD patients that did not respond to VDZ. Response was defined based the 
Harvey Bradshaw Index (HBI), C-reactive protein (CRP), fecal calprotectin (fCalpro), and simple-
endoscopic score CD (SES-CD). From peripheral blood, peripheral blood mononuclear cells (PBMCs) were 
isolated which were subsequently used for single-cell RNA-sequencing and mass cytometry by time of 
flight (CyTOF) using the Chromium controller (10X Genomics) and CyTOF3-Helios systems (Fluidigm), 
respectively. Created with BioRender.

ITGA4 expression is detected on all PBMCs 
Single-cell RNA-sequencing (scRNAseq) and mass cytometry by time of flight (CyTOF) 
provided transcriptional and proteomic profiles of 15,981 and 16,000 (subsampled 
from 1,783,641) cells, respectively. Cells were annotated to 31 known cell types 
(Figure 2A-B) using a combination of automatic and manual curation based on 
canonical markers (Figure 2C-D). We observed general agreement between the two 
experiments (r = 0.73; Figure 2E).
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Table 1. Patient characteristics scRNAseq and CyTOF analyses. Overview of the demographics of 
the included patients.

Responders (N = 4) Non-responders (N = 4)

Female, N (%) 3 (75) 4 (100)

Age, years, median (IQR) 40 (29-60) 48 (33-68)

Disease duration, years, median (IQR) 10.5 (7.5-18.5) 7 (4.5-23)

Ethnic background, N (%)

- Caucasian 3 (75) 1 (25)

C-reactive protein, mg/L, median (IQR) 9.8 (5.1-22.7) 2.2 (1.1-2.9)

Faecal calprotectin, μg/g, median (IQR) 187 (111-NA) 393 (276-NA)

Disease location, n (%)

- Ileal disease (L1) 3 (75) 1 (25)

- Colonic disease (L2) - -

- Ileocolonic disease (L3) 1 (25) 3 (75)

Disease behavior, N (%)

- Non structuring/penetrating (B1) 1 (25) 2 (50)

- Stricturing (B2) 2 (50) 2 (50)

- Penetrating (B3) 1 (25) -

- Perianal disease (p) 1 (25) -

Previous IBD-related surgery, N (%) 2 (50) 1 (25)

Concomitant medication, N (%)

- Immunomodulators - -

- Prednisone - -

Previous biological treatment, N (%)

- Immunomodulators 3 (75) 1 (25)

- Anti-TNF (ADA or IFX) 1 (25) 3 (75)

Smoking, N (%)

- Never 1 (25) 1 (25)

- Active - 3 (75)

- Former 3 (75) -

Interrogation of the protein expression of integrin α4 as well as its encoding gene ITGA4 
were measurably expressed in all cell types (Figure 2F-G). By contrast, gene expression 
of ITGB7 was notably muted, with the plasma cells presenting the highest expression. 
Nonetheless, our observations confirm that genes encoding integrin α4β7 expression 
are active in many cell types and is hence not solely restricted to the T cells.
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< Figure 2. ITGA4 is expressed by all cell types. Uniform manifold approximation and projection 
(UMAP) visualization of the PBMCs from CD patients on VDZ that respond (R; N = 4) and that do not 
respond (NR; N = 4) colored by the cellular identity as obtained through (A) single-cell RNA-sequencing 
(scRNAseq) and (B) mass cytometry by time of flight (CyTOF). Visualization of the marker expression 
used to annotate the PBMCs at the level of (C) gene expression through a dotplot where size and 
color intensity represent the percentage cells with measurable expression and the median expression, 
respectively, and (D) protein expression through a heatmap with the color representing the median 
expression. (E) Scatterplot representing the percentage cell types per sample relative to all PBMCs for 
scRNAseq on the X-axis and CyTOF on the Y-axis colored by lineage show general agreement between 
the scRNAseq and CyTOF experiment. UMAP (left) and boxplot (right) visualization of the gene 
expression for (F) ITGA4, ITGB7, as well as (G) the protein expressionfor integrin α4 per cell type shows 
that gene and protein expression of ITGA4 can be found on all celltypes, whereas ITGB7 expression is 
more muted.

Circulating T cells from VDZ non-responders express lower inhibitors 
of the NFкB signaling pathway
Differential abundance analysis of both the scRNAseq and CyTOF data indicated 
concordant differences between responders and non-responders (Figure 3A-C and 
Supplementary Table 3). Overall, we observed a significantly lower and higher 
concentration of myeloid (p-value = 4.6E-03) and T cells (p-value = 0.029), respectively, 
among the non-responders (Figure 3D). At a more granular level, a significantly higher 
proportion of CD8 T central memory (CD8 TCM) was observed through CyTOF (p-value 
= 0.01), which we could reproduce in direction, but not in significance, through 
scRNAseq (p-value = 0.89) (Figure 3E). At scRNAseq level, a significantly higher and 
lower proportion was observed for the mucosal associated invariant T cells (MAIT; 
p-value = 0.029) (Figure 3F) and plasmacytoid dendritic cells (pDCs; p-value = 0.041) 
(Figure 3G), respectively, which we were unable to reproduce using CyTOF as no 
markers were included for either MAIT or pDCs. As VDZ binds T cells in particular [8], we 
investigated whether their transcriptome presented response-associated differences 
(Supplementary Table 4). We specifically interrogated ITGA4 and ITGB7 expression 
but found no differences in expression for ITGB7. By contrast, ITGA4 was found to be 
significantly higher in non-responders when looking at CD4 TEM, CD4 Treg, CD8 TCM, 
and CD8 TEM (Figure 3H). Notably, we observed for multiple T cell subsets that genes 
encoding inhibitors of the NFкB signaling pathway, such as TNFAIP3 and NFKBIA, were 
significantly lower in expression amongst non-responders (Figure 3H). 

VDZ non-responders present higher concentrations of circulating 
plasmacytoid dendritic cells
As our CyTOF panel did not include markers for pDCs, we conducted flow cytometry 
analyses where we identified the (T/B/NK)Lin-HLA-DR+CD11c-CD123+ fraction 
(Figure 4A). Indeed, we observed a significantly lower proportion of circulatory 
pDCs among responders relative to the non-responders (Figure 4B). Comparing the 
transcriptome of responders with non-responders revealed no statistically significant 
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response-associated differences after correcting for multiple testing (Figure 4C and 
Supplementary Table 5). However, interrogating the expression of ITGA4 and ITGB7 
specifically indicated a notably lower expression of ITGB7 amongst non-responders albeit 
statistically non-significant (p-value = 0.32) (Figure 4D and Supplementary Table 5). We 
hypothesized that the diminished circulatory pDC concentration among non-responders 
was due to the recruitment of pDCs into the gastrointestinal tract thereby removing 
them from circulation. To corroborate our hypothesis, we interrogated the publicly 
available single-cell transcriptomic data from CD patients’ intestinal biopsies extracted 
from ileal lesions (involved) and adjacent non-lesional (uninvolved) tissue as published 
by Martin et al. [19]. Upon identifying the pDC fraction (Figure 4E), we found that 
the pDC proportion relative to the total immune fraction was suggestively higher in 
lesional compared to non-lesional areas (p-value = 0.067) (Figure 4F), indicating that 
the concentration pDCs are higher under inflammatory conditions, thereby supporting 
our hypothesis.

Classical monocytes from VDZ non-responders present an  
altered transcriptome.
UMAP visualization of the monocytes indicated response-associated clustering 
(Figure 5A), which was most visible for the classical monocytes, suggesting 
transcriptome-wide differences. Differential expression analysis of the classical 
monocytes identified 30 statistically significant differentially expressed genes (DEGs) 
(Figure 5B and Supplementary Table 6). Notably, responders presented higher 
expression of several monocyte/macrophage-function related genes including genes 
encoding cytokines (CXCL2 [20,21], CCL3 [22–24], CCL4 [25,26]), mediators of host 
defense signaling (RIPK2 [27]), and macrophage scavenging receptor (MSR1 [28]), 
typically observed in M2-like macrophages. By contrast, complement factor D encoding 
gene CFD and negative regulator of NFκB signaling pathway VSTM1 [29] were higher 
among non-responders (Figure 5C). We were able to confirm differential expression for 
CFD and MSR1 through bulk RNA-sequencing on sorted classical monocytes (Figure 
5D and Supplementary Table 7). Specifically interrogating ITGA4 and ITGB7 indicated 
neither significant nor visible differences in the gene expression thereof (Figure 5E). 
Gene set enrichment analysis against the KEGG data-base identified general lower 
expression of the cytokine-cytokine receptor signaling pathway among non-responders 
(Figure 5F-G and Supplementary Table 8). We were therefore interested in identify-
ing which other PBMCs were the sender/receiver to the differentially expressed 
cytokines produced by the classical monocytes. Among classical monocytes derived 
from responders, we observed a significantly higher expression of vascular endothelial 
growth factor (VEGF). Notably, VEGF receptor 1-encoding FLT1 was found to be higher in 
both the CD4T naïve as well as the classical monocytes (Figure 5H), suggesting a more 
wound-healing phenotype in classical monocytes obtained from responders. 
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Figure 3. T cells present response-associated differences in abundance and expression. Boxplot 
visualizations of the cell type abundances relative to all measured PBMCs colored by response for  
(A) scRNAseq and (B) CyTOF. (C) Scatterplot comparing the differences in abundance based on 
scRNAseq on the X-axis and CyTOF on the Y-axis. Values represent log2-transformed responder: 
non-responder ratios per cell type and colors represent the parent lineages of each cell type. 
(D) Boxplot visualizations of the mean scRNAseq-CyTOF log2-transformed responder: non-
responder ratios shows that T and myeloid cells are significantly more and less abundant 
amongst non-responders, respectively. Asterisks denote statistical significance using a one-
sample t-test against 0. * p<0.05; ** p<0.01. Boxplot visualizations of the abundance (E) CD8 
T central memory (CD8 TCM) in the (left) CyTOF experiment and (right) scRNAseq experiment,  
(F) mucosal associated invariant T (MAIT) cells, and (G) plasmacytoid dendritic cells (pDC) relative to 
all PBMCs. P-values were calculated using the t-test implementation in speckle::propeller. (H) Dotplot 
visualization representing the most significant differentially expressed genes, as well as ITGA4 and 
ITGB7 per T cell subset. Size represents statistical significance, transparency the significance threshold, 
and color whether the gene is upregulated in either responders (green) or non-responders (orange). A 
notable lower expression of TNFAIP3 and NFKBIA can be observed among non-responders. 
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< Figure 4. Lower abundance of plasmacytoid dendritic cells in PBMCs of non-responding patients. 

(A) Flow cytometry strategy used to identify and quantify the HLA-DR+CD14-CD16-CD11c-CD123+ pDCs 

where red boxes indicate selected events. (B) Boxplot visualizations of the pDC abundances relative to all 

measured PBMCs annotated with the p-value obtained through t-test. (C) Volcanoplot comparing pDCs 

from responders with non-responders where the X-axis represents the log2(fold-change) and the Y-axis 

the –log10(p-value). Highlighted in red are ITGA4 and ITGB7. (D) Boxplot visualizations of the ITGA4 and 

ITGB7 expression in pDCs showing visible but no statistical significant differences between responders 

and non-responders. P-values were calculating using the t-test implementation in speckle::propeller. 

(E) UMAP visualization of GSE134809 showing (left) the identification strategy of the PTPRC [CD45] 

+EPCAM-HLA-DRA+ITGAX [CD11c]-IL3RA [CD123] +CLEC4C [BDCA2] + pDCs, (right) as highlighted by 

the red box. (F) Boxplot visualization of the ileal pDC abundance relative to all immune cells colored by 

whether they originate from lesions (involved) or outside a lesion (uninvolved) shows that lesional pDCs 

are more abundant than non-lesional pDCs.

Discussion

We demonstrate that VDZ-treated CD patients differ in cellular composition and 
intrinsic cellular behavior when comparing responders with non-responders. 
Interrogating the T cell compartment suggested a higher abundance of MAIT and CD8 
TCM among non-responders. Notably, both T cells from non-responders appeared to 
be transcriptionally primed for NFκB signaling, a signaling pathway typically reserved 
for inflammation, by downregulating inhibitors thereof. The priming of the NFκB 
pathway would match the non-responding phenotype, where inflammation is still 
present despite treatment. While our results confirm that response to VDZ affects the 
T cell compartment, we also find response-associated differences within the myeloid 
compartment. We observed that the circulatory pDCs were less abundant amongst 
non-responders. The pDC population represents a unique cell type whose ontogeny 
and lineage affiliation remain under debate due to its similarity to both myeloid and 
lymphoid lineages [30–34]. Previously, pDCs were called “natural interferon producing 
cell” as they can produce large amounts of type I interferons (IFN), which typically 
occurs in response to viruses. This in turn activates NK and B cells [35–38], thereby 
bridging the innate and adaptive immune system. Remarkably, pDCs constitute only 
0.4% of all measured cells when looking at all measured PBMCs in our scRNAseq 
experiment and only 0.12% of the immune compartment when interrogating ileal 
tissue from Martin et al. [19]. Despite the rarity of this cellular population, they have 
been implicated in multiple immune-mediated inflammatory disorders (IMIDs) [34]. 
Currently, an ongoing phase II clinical trial is testing the efficacy of litifilimab, a 
monoclonal antibody against pDC-specific binding of blood dendritic cell antigen 2 
(BDCA2), in systemic [39] and cutaneous [40] lupus erythematosus, where litifilimab is 
thought to dampen type I IFN production [41,42].
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However, the association of pDCs with CD is less well documented. Previous studies 
have indicated that the circulatory pDC population is significantly decreased in IBD 
patients with active disease [43], with subsequent research by the same authors 
showing increased infiltration into the colonic mucosa and mesenteric lymph node 
(MLN) [44]. This largely corroborates our own observations, as samples were obtained 
during treatment and the difference between responders and non-responders is, by 
definition, a difference in inflammation. However, controversy exists on what role pDCs 
play in the pathogenesis of IBD as experiments have yielded conflicting results. It has 
been reported that pDCs can aggravate [45], protect [46,47], or are dispensable in 
the development of experimental IBD [48]. Accordingly, it remains unclear how pDCs 
might play a role in responsiveness towards VDZ.
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< Figure 5. Classical monocytes from non-responding patients present lower expression of cyto-
kine-cytokine signaling. (A) UMAP visualization of the monocytes colored by colored by response as 
dots (left) and a density plot (right) shows distinct clustering by response for the classical monocytes 
in particular. (B) Volcanoplot comparing classical monocytes from responders with non-responders 
where the X-axis represents the log2 (fold change) and the Y-axis the –log10(p-value). Statistically 
significant differences (p-valueBH-adjusted<0.05) are depicted in black. (C) Boxplot visualizations of 
CFD and MSR1 expression in classical monocytes colored by response and grouped by patient where 
each dot represents an individual cell. Boxplot visualizations of (D) CFD and MSR1, and (E) ITGA4 and 
ITGB7 where the Y-axis represents gene log-transformed (left) normalized pseudobulk expression from 
our scRNAseq experiment and (right) normalized expression obtained through bulk RNAseq analysis 
on classical monocytes colored and grouped by response. P-values were obtained through Wald test 
as implemented in DESeq2. (F) Volcanoplot comparing classical monocytes from responders with non-
responders where the X-axis represents the normalized enrichment score (NES) and the Y-axis the –
log10 (p-value). Statistically significant differences (p-valueBH-adjusted<0.05) are depicted in black with 
pathways of interest highlighted in red. (G) Heatmap visualization genes belonging to the cytokine-
cytokine receptor interaction pathway. Values represent the pseudobulk expression per sample, where 
color is proportion to the level of expression. (H) Dotplot visualization of a receptor/ligand interaction 
analysis of the differentially expressed cytokines representing ligands and receptors are colored in blue 
and purple, respectively. Depicted in the dotplot are the binding partners of the cytokines found to be 
differentially expressed by the classical monocytes for each cell type found in PBMCs. Size of the dots 
represents statistical significance, transparency the significance threshold, and color whether the gene 
is upregulated in either responders (green) or non-responders (orange). We find that VEGFA receptor 
FLT1 is significantly higher expressed among the CD4 naïve and classical monocytes of responders.

Significant differences in expression were observed for the circulating classical 
monocytes, which presented a more scavenger-like, wound-healing phenotype amongst 
responders. By contrast, classical monocytes from non-responders appeared to present 
higher expression of CFD, a gene involved in the alternative complement pathway. 
Complement factor D cleaves factor B forming Bb, thereby activating the complement 
cascade [49]. The alternative complement pathway is an important component of the 
innate immune response where it is typically used as first line defense against microbes. 
Our results would imply that the classical monocytes from non-responders are primed 
at activating the alternative complement pathway. Such monocytes could potentially 
be recruited into the intestinal compartment, where they would differentiate into 
macrophages. Intestinal inflammatory macrophages are one of the few macrophages 
that are purported to be supplemented by the circulating monocyte population 
during inflammatory episodes [50–52]. We show that monocytes indeed present the 
capability of forming integrin α4β7, based on their gene expression, which corroborates 
observations by Schleier et al. who showed that monocytes indeed present functional 
integrin α4β7 on their surface, with VDZ abrogating their interactions with MAdCAM-1 
in vitro [13]. While our observations do not indicate any difference in expression of either 
ITGA4 or ITGB7, we do note that the classical monocytes, alongside all other myeloid 
cells, were less abundant among non-responders, which we hypothesize is due to their 
recruitment out of circulation and into the intestinal compartment. 
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Taken together, it is evident that response to VDZ during treatment manifests 
itself at the single-cell level. While the current study provides novel insights into 
the diagnostic capabilities single-cell transcriptomics for elucidating response to 
VDZ, we appreciate the shortcomings of this study in terms of the limited sample 
size as well as the largely associative nature of the observations. More importantly, 
patient-samples taken during treatment do not hold prognostic value in predicting 
response to therapy. Future experiments would need to be conducted to validate 
the differences observed at the level of single-cell transcriptomics in a larger 
independent cohort to fully understand its utility as biomarker. Furthermore, 
to disentangle inflammation from VDZ-treatment samples would need to be 
included prior to the start of treatment. Moreover, it is imperative to compare our 
observations with CD patient cohorts treated with other inflammatory-reducing 
medication to understand which observations VDZ-specific and which observations 
are inflammation-associated. Such an approach would not only allow for the 
identification of prognostic biomarkers for VDZ response, but also provide potential 
targets that might be involved in the manifestation of drug non-response. Taken 
together, we demonstrate that patients on VDZ treatment present differences in 
the cellular heterogeneity of PBMCs. Further confirmatory studies are necessary to 
understand the full potential of the observed differences. 
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Supplementary information (SI Appendix)

Materials and methods

General bioinformatic data analyses
Data was imported and analyzed using the R statistical environment (v4.2)[1] using 
several packages obtained from the Bioconductor (v3.16)[2]repository. The analytical 
workflow was orchestrated by Snakemake (v7.14.0)[3]. Visualizations were typically 
created using the tidyverse (v1.3.1)[4], ggplot2 (v3.4.2)[5], ggrastr (1.0.1), ggrepel 
(0.9.3), cowplot (v1.1.1), viridis (v0.6.3)[6], pheatmap (v1.0.12). 

Single-cell RNA-sequencing analysis
Samples were removed from the cryostat and thawed on ice. Thawed PBMCs were 
washed and then labelled using the BioLegend TotalSeq-B cell hashtag oligo (HTO) 
antibodies for multiplexing purposes per manufacturer’s protocol at 1 U per 1 million 
cells[7]. An aliquot of the tagged PBMCs was assessed for viability using the Countess 
II FL Automated Cell Counter indicating that over 80% of the cells were viable. The 
resulting oligo-tagged cell suspensions were then mixed and distributed across 6 
GEM-wells on the Chromium controller (10X Genomics) whereupon the single-cell 
barcoded partitions were prepared using 10X chemistry v3. Separate sequencing 
libraries were prepared for HTOs and the actual mRNA after size-selection and the 
libraries were sequenced on the Illumina HiSeq4000 in a 150 bp paired-ended fashion 
at the Core Facility Genomics, Amsterdam UMC. The mRNA libraries were sequenced 
on 150M reads per GEM-well, whereas the HTO libraries were sequenced to a depth 
of 50M reads per GEM-well. Raw reads were aligned and unique molecular identifier 
(UMI) count matrices were generated using Cellranger (v7.0.0). Subsequent import, 
sample-wise demultiplexing, processing, and analysis was done in Seurat (v4.3.0)[8]. 
Cells that were identified as multiplets, based on the presence of an equal number of 
different HTOs, or that did obtain sufficient HTO signal were removed as they could 
not be assigned to a unique donor. Subsequent quality control included identifying 
dead cells based on mitochondrial read content (>75%) and a low number of unique 
genes, which were annotated accordingly[9]. UMI counts were normalized using 
SCTransform[10], whereupon the cells were annotated by mapping our data onto a 
reference PBMC CITE-seq experiment of 162,000 annotated cells using a weighted 
nearest neighbor approach[11,12]. A subsequent manual curation using canonical 
markers confirmed the identity of the different cell types. T cells were identified based 
on the expression of CD3D, CD2, CD7, and IL7R. Natural killer (NK) cells were identified 
based on the expression of CD2, CD7, GNLY and NKG7, while lacking CD3D, B-cells 
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were identified based on the expression of MS4A1 and BANK1 positive. Monocytes 
were identified based on the expression of CST3 and CD14 or FCGR3A. Conventional 
dendritic cells (cDC) were identified on expression of CD1C, CST3, FCER1A and HLA-DRA. 
Smaller cell populations not belonging to the lineages were identified as well, namely 
the thrombocytes (CST3 and PPBP positive), hematopoietic stem and progenitor cells 
(HSPCs; CD34 positive), and erythroblasts (HBA1, HBA2, HBQ1, and HBB positive)[13]. 
Differential abundance analyses were conducted by comparing the proportions using 
a t-test as implemented in the speckle (v0.99.7)[14] package where we omitted cell 
types that were represented by 10 cells or less. Differential expression analyses were 
performed by pseudobulk[15] approaches to account for cells coming from the same 
donor using the DESeq2 (v1.36.0)[16] package. Gene set overrepresentation analyses 
were performed using Wald statistic as input for fgsea (v1.22.0)[17] against the Kyoto 
Encyclopedia for Genes and Genomes (KEGG) gene sets[18]. 

Mass cytometry by time-of-flight analysis
An overview of the antibody mass cytometry panel (including metal tag and supplier) 
is listed in Supplementary Table S1.Cryopreserved PBMCs were thawed, washed 
with PBS, and resuspended in RPMI medium, whereupon they were fixed with 1.6% 
PFA, labeled using the Cell-ID 20-Plex Pd Barcoding Kit (Fluidigm) for multiplexing 
purposes. Celular viability was assessed through live/dead staining using 5μM 
Cisplatin in PBS at room temperature. Cisplatin signal was quenched by washing 
with Cell Staining Buffer (CSB; Fluidigm), whereupon cells were permeabilized by 
Maxpar Barcode Perm Buffer (Fluidigm) and incubated with mass tag barcodes 
in permeabilization buffer. The cells were then stained for cell-surface targets in 
the presence of Human TruStain FcX™ Fc Receptor Blocking Solution (Biolegend). 
Antibody concentrations were optimized for staining 3M cells per 100 μL of CSB for 
30 minutes at room temperature. For intracellular staining, cells were washed and 
incubated with antibodies for intracellular markers (CES1 and CTLA4), whereupon 
the cells were stained with goat anti-rabbit antibody, AF647 (Invitrogen) as a 
secondary staining for CES1. After washing with CSB, antibodies were fixed with 1.6% 
PFA, washed and incubated overnight with 191/193Ir DNA intercalator (1:4000) diluted 
in Fix-and-Perm Buffer (Fluidigm). Cells were subsequently washed before data 
acquisition was performed on the CyTOF3-Helios (Fluidigm). After data acquisition, 
raw .FCS files were imported in R. Signal intensities and sample acquisition rates 
were reviewed for stability over time and events gated based on the condition that 
the flow was stable, excluding calibration beads, and within the 90th percentile of 
all Gaussian parameters. Live CD45+ cells were selected through sequential gating 
as described before. Cells were clustered in an unsupervised manner using the 
FlowSOM-package, where initial SOM-clustering was set to 300 clusters, using 
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markers listed in Supplementary Table S1. The 300 clusters were subsequently 
manually metaclustered according to their phenotypic lineages, whereafter cells 
were annotated. Expression values were then arcsinh-transformed with cofactor 5, 
whereafter UMAP dimensionality reduction was conducted using the uwot (0.1.14). 
Cells were subsampled to 16,000 cells to approximately match the number of cells 
identified through scRNAseq. 

Flow cytometry analysis
This protocol is identical to the one implemented in Elfiky et al.[19]. An overview 
of the antibody flow cytometry panel (including metal tag and supplier) is listed 
in Supplementary Table S2.Cryopreserved PBMCs were thawed, washed with 
PBS and stained for a live/dead cell viability marker (LifeScience, Amsterdam, the 
Netherlands). Cells were stained for surface markers in FACS buffer (0.5% BSA, 0.01% 
NaN3 in PBS) using the following antibodies: CD11c-PerCP Cy5.5 (clone: S-HCL-3, 
BioLegend), HLA-DR-Alexa Fluor 700 (clone: LN3, eBioscience), CD123-FITC (clone: 
6H6, BioLegend), CD1C-PE-Cy7 (clone: L161, BioLegend), pan-lineage (CD3/CD19/
CD20/CD56)-APC (clones: UCHT1;HIB19;2H7;5.1H11, BioLegend), CD14-BD Horizon 
V500 (clone: M5E2, Becton Dickinson) and CD16-PE (clone: 3G8, Becton Dickinson). 
Doublets were excluded and live single cells identified using the forward scatter 
height (FSC-H) versus the forward scatter area (FSC-A) and the side scatter height 
(SSC-H) versus side scatter area (SSC-A). Live cells were identified using the live/
dead marker. Classical monocytes were defined as Lin-HLA−DR+CD14++CD16-, 
intermediate monocytes as Lin-HLA−DR+CD14++CD16+, and non-classical monocytes 
as Lin-HLA-DR+CD14+CD16+. Conventional dendritic cells (cDCs) were defined as Lin-

HLA-DR+CD11c+CD1c+ and plasmacytoid DCs (pDCs) as Lin-HLA-DR+CD11c-CD123+. 
Fluorescence minus one (FMO) was used for gating and median fluorescence 
intensity was determined to quantify cell surface expression.

RNA-sequencing analysis classical monocytes
PBMCs were subjected to flow cytometric sorting where classical monocytes were 
identified as Lin-HLA−DR+CD14++CD16-. Libraries were prepare using XXX kit due 
to low input material, whereupon sequencing was performed in a 150 bp paired 
ended fashion on the Illumina NovaSeq6000 to a depth of 40M reads. Quality 
control of the raw reads was done using FastQC (v0.11.8)[20] and MultiQC (v1.0)
[21]. Raw reads were aligned to the human genome (GRCh38) using STAR (v2.7.0) 
and annotated using the Ensembl (v95) annotation[22]. Post-alignment processing 
was performed through SAMtools (v1.9)[23], after which reads were counted using 
the featureCounts function found in the Subread package (v1.6.3)[24]. Differential 
expression (DE) analysis was performed using DESeq2 (v1.36.0)[16].
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Supplementary Tables

Supplementary Table 1. Marker panel mass cytometry. The cell-surface exposed markers assayed 
in the mass cytometry experiment annotated by the metal, target protein, alternative names, uniport 
identifier, and notes. 

Target Alternative name Uniprot Metal
Pre/post-
fixation

Manufacturer

CD45 CD45 P08575 89Y Post Fluidigm

ITGA4 CD49D P13612 141Pr Post Fluidigm

ITGAL CD11A P20701 142Nd Post Fluidigm

CD5 P06127 143Nd Post Fluidigm

CCR5 CD195 P51681 144Nd Pre Fluidigm

CD4 P01730 145Nd Post Fluidigm

CD8A P01732 146Nd Post Fluidigm

CD7 P09564 147Sm Post Fluidigm

CCR10 GPR2 P46092 148Nd Pre R&D

IL2RA CD25 P01589 149Sm Post Fluidigm

TNR4 CD134;OX40L P43489 150Nd Post Fluidigm

CD2 P06729 151Eu Post Fluidigm

TNR6 CD95;FAS P25445 152Sm Post Fluidigm

HAVR2 TIM3 Q8TDQ0 153Eu Post Fluidigm

CD14 P08571 154Sm Post Fluidigm

PDCD1 CD279 Q15116 155Gd Post Fluidigm

CXCR3 CD183 P49682 156Gd Pre Fluidigm

CCR4 CD194 P51679 158Gd Pre Fluidigm

CCR7 CD197 P32248 159Tb Post Fluidigm

CD28 P10747 160Gd Post Fluidigm

CTLA4 CD152 P16410 161Dy Post Fluidigm

CD69 CLEC2C Q07108 162Dy Post Fluidigm

A4B7 vedolizumab 171Yb Pre Takeda

KLRB1 CD161 Q12918 164Dy Post Fluidigm

CD45RO 165Ho Post Fluidigm

CD44 P16070 166Er Post Fluidigm

CD27 P26842 167Er Post Fluidigm

CCR9 P51686 168Er Pre Fluidigm
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CD45RA 169Tm Post Fluidigm

CD3 P04234 170Er Post Fluidigm

CD57 172Yb Post Fluidigm

Target Alternative name Uniprot Metal
Pre/post-
fixation

Manufacturer

TNR9 CD137;4-1BB Q07011 173Yb Post Fluidigm

HLADR 174Yb Post Fluidigm

CES1 175Lu Post
Thermo 

Scientific

IL7RA CD127 P16871 176Yb Post Fluidigm

CD16 P08637 209Bi Post Fluidigm

Barcodes 103-110Pd Post Fluidigm

Iridium 191-193Ir Post Fluidigm

Cisplatin 194-195Pt Pre Fluidigm

Supplementary Table 2. Marker panel flow cytometry. The cell-surface exposed markers assayed in 
the flow cytometry experiment alongside the antibody and clone. 

Target Fluorophore Manufacturer Clones

Lineage (CD3, CD19, 
CD20, CD3, CD56)

APC BioLegend UCHT1, HIB19, 2H7, 5.1H11

HLA-DR Alexa Fluor 700 eBioscience LN3

CD14 BD Horizon V500 Becton Dickinson M5E2

CD16 PE Becton Dickinson 3G8

CD11c PerCP Cy5.5 BioLegend S-HCL-3

CD123 FITC BioLegend 6H6

CD1c PE-Cy7 BioLegend L161

Live/dead APC H7/C7



215|Single Cell characterization of PBMCs in CD patients on Vedolizumab

6

Supplementary Table 3-8, will be available online after manuscript acceptance. 

Supplementary Table 3. PBMC differential abundance analysis. Results of the 
differential abundance analysis on the major lineages as conducted using the 
propeller function in speckle. Columns represent the cell type, the mean proportion 
for all samples (“BaselineProp.Freq”), non-responders only (“PropMean.Non.
responder”), and responders only (“PropMean.Responder”), the ratio responder/non-
responder (“PropRatio”), the associated T statistic (“Tstatistic”) as well as the p-values 
(“P.Value” and “FDR”). Tabs separate the results from scRNAseq and CyTOF analyses.

Supplementary Table 4. T cell scRNAseq pseudobulk differential gene expression 
analysis. Results of the differential expression analysis performed on PDCs using 
DESeq2. Columns represent the gene, the average expression (“baseMean”), the log2 

(fold change) (“log2FoldChange”), the associated standard error (“lfcSE”), the Wald 
statistic (“stat”) as well as the p-values (“pvalue” and “padj”). Each tab represents a 
different T cell subset.

Supplementary Table 5. pDC scRNAseq pseudobulk differential gene expression 
analysis. Results of the differential expression analysis performed on PDCs using 
DESeq2. Columns represent the gene, the average expression (“baseMean”), the log2 

(fold change) (“log2FoldChange”), the associated standard error (“lfcSE”), the Wald 
statistic (“stat”) as well as the p-values (“pvalue” and “padj”). 

Supplementary Table 6. Classical monocytes scRNAseq pseudobulk differential 
gene expression analysis. Results of the differential expression analysis performed 
on classical monocytes using DESeq2. Columns represent the gene, the average 
expression (“baseMean”), the log2 (fold change) (“log2FoldChange”), the associated 
standard error (“lfcSE”), the Wald statistic (“stat”) as well as the p-values (“pvalue” 
and “padj”). 

Supplementary Table 7. Classical monocytes bulk RNAseq gene expression 
analysis. Results of the differential expression analysis performed on classical 
monocytes using DESeq2. Columns represent the gene and Ensembl ID, the average 
expression (“baseMean”), the log2 (fold change) (“log2FoldChange”), the associated 
standard error (“lfcSE”), the Wald statistic (“stat”) as well as the p-values (“pvalue” 
and “padj”). 

Supplementary Table 8. Classical monocytes scRNAseq pseudobulk KEGG gene 
set enrichment analysis. Gene set enrichment analysis as performed by fgsea. 

Supplementary Table 1. Continued
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Columns represent the gene set (“Pathway”), the p-values (“pvalue” and “FDR”), 
the log2 standard error (“log2err”), the enrichment score (“ES”), the normalized 
enrichment score (“NES”), and the total number of genes in the gene set (“size”).
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Current status of IBD medications 

Inflammatory bowel disease (IBD) is a chronic immune mediated disease that affects 
the gastrointestinal tract and entails two major subtypes, crohn's disease (CD) and 
ulcerative colitis (UC) [1]. It affects approximately around 0.3% of general population 
[2] and compromises a large economic burden, given the debilitating natural course 
of the disease, co-morbidities, associated socioeconomic impact, costly medications 
and significantly high rates of primary or secondary treatment failure [3, 4]. 

Immunomodulatory medications are the mainstay of treatment that include not 
only the nonspecific immunosuppressive agents, like steroids, but also targeted 
biologic therapies. The most recently introduced biologics anti-TNF (infliximab, 
adalimumab), anti-α4β7 integrin (vedolizumab), and anti-IL12p40 (ustekinumab) have 
revolutionized the IBD care, achieving successful remission in patients who used to be 
resistant to traditional immunosuppressants [5, 6]. Despite effectiveness in subsets 
of patients, rates of primary or secondary non-response to these novel medications 
remain substantially high, with almost 40-50% of patients reporting treatment failure 
and progression of the disease [1]. Drug discontinuation due to intolerable adverse 
effects is also reported. This represents a significant unmet clinical need that requires 
development of novel medications with better safety profile and effectiveness. 
Multiple leads are currently at different stages of clinical development including 
inhibitors of Janus kinases, receptor interacting protein, phosphodiesterase 4, IκB 
kinase, integrins, S1P, CCR9, CXCR4, and NLRP3 [7]. Moreover, with the expanding 
range of the current and upcoming biologics in IBD care, more research is needed 
to understand determinants of response to each and every biologic, and to enable a 
more personalized and effective approach towards clinical care [8]. 

Promises and limitations of non-specific epigenetic therapies as 
anti-inflammatory drugs 
IBD pathogenesis is a very elusive topic that remains challenging to fully 
understand. Multiple facets seem to be involved including genetics, epigenetics and 
environmental factors. Recent research points to a significant role of epigenetics in 
IBD pathogenesis [9]. This sparks our interest to explore the potential of targeting 
epigenetics as a promising therapeutic strategy in IBD drug development. As 
we discussed in chapter 1, inhibitors of histone deacetylase (HDAC) enzymes 
and bromodomains and extra terminal domain (BET) have shown potent anti-
inflammatory activities in in vitro and in vivo models of inflammatory mediated 
diseases including IBD [10, 11]. Histone organization is a key determinant of gene 
expression. The dynamic fluctuation between open euchromatin and closed 
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heterochromatin states is mediated by histone tail modifications; methylation, 
phosphorylation, acetylation, ubiquitylation, and sumoylation. Histone acetylation 
is associated with an open euchromatin state and regulated by opposing actions 
of two groups of enzyme families; histone acetyltransferases (HAT) and histone 
deacetylases (HDAC) that add or remove acetyl groups to lysine residues of histone 
tails respectively [12]. Global HDACs pharmacological inhibition demonstrates 
clinical efficacy in murine models of IBD [13-15]. Moreover, BET proteins belongs 
to a group of epigenetic readers (BRD2, BRD3, BRD4 and BRDT) that recognize 
acetylated lysine residues on histone tails and allow for recruitment of transcription 
factors necessary for gene expression [16]. Efficacy of BET pan inhibitors in multiple 
preclinical models of inflammatory mediated diseases are well documented [11], 
however results from IBD preclinical models are inconclusive [17-19]. 

Despite the early development of these inhibitors, clinical trials raised a number 
of safety concerns due to their wide range of toxicities including serious cardiac 
arrhythmias, gastrointestinal toxicity and bone marrow suppression [20, 21]. This is 
not completely surprising given the lack of specificity of these inhibitors that target 
large families of epigenetic enzymes involved in multiple cellular functions. The wide 
range of therapeutic benefits of theses nonspecific inhibitors sparked enthusiasm 
towards early development into clinical trials despite lack of selectivity and incomplete 
understanding of the molecular mechanisms underlying their potent therapeutic 
effects. This largely hindered the progress towards translating the beneficial effects of 
these epigenetic therapies to clinical practice, with less encouraging results coming 
back from clinical trials. In order to overcome this limitation, 2 main strategies are 
followed to enhance specificity of these medications and improve their safety profile. 
As we detailed in chapter 1, the first strategy is to develop drug delivery platforms 
that target nonspecific potent inhibitors to inflammatory immune cells. The second 
strategy is to identify novel epigenetic targets that are more specific to inflammatory 
responses through performing more mechanistic studies to understand the epigenetic 
modulators of inflammation and subsequently develop class-, isoform-, or domain-
specific inhibitors towards epigenetic targets of interest. In the current thesis, we 
further explore translational aspect of some of these novel and more specifically 
targeted epigenetic medicines in IBD. 

Mononuclear myeloid cells (MMCs) targeted epigenetic therapies 
MMCs including monocytes, macrophage and dendritic cells (DCs) play a major 
role in IBD pathogenesis, given the importance of an aberrant innate immune 
response in fueling active intestinal inflammation [22]. Specific targeting of these 
cell populations with potent epigenetic enzymes inhibitors may help to utilise 
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the anti-inflammatory benefits of theses inhibitors, while minimizing their toxicity 
profile. As we introduced in chapter 1, esterase sensitive motif (ESM) technology 
is a MMCs targeted drug delivery technology that allows an ESM tagged drug 
to be hydrolyzed and retained in carboxylesterase 1 (CES1) expressing cells [23]. 
CES1 enzyme is mainly expressed in hepatocytes and MMCs, and to much less 
extent in adipose tissue [24]. This may be quite concerning for a potential limiting 
hepatotoxicity of this therapeutic technology. However, phase 1 clinical trials of ESM 
tagged HDAC inhibitors demonstrated no observed hepatic toxicities, while specific 
drug accumulation in peripheral blood monocytes was noted. Moreover, intolerable 
adverse effects commonly seen with pan HDAC inhibitors were absent [25, 26]. 
Despite high CES1 expression in hepatocytes, drug accumulation within hepatocytes 
seems to be negligible, possibly due to intrinsic properties of hepatocytes that may 
continuously pump out the hydrolyzed drug outside of the cell. However, the exact 
mechanisms underlying the lack of liver toxicity warrant further investigation. To that 
extent, ESM tagged epigenetic compounds seem to be very promising therapeutic 
strategy to be investigated in IBD. 

In chapter 2 and 3; we explored the extent of CES1 expression in healthy and IBD 
patients in locally inflamed tissues and peripheral blood, as this determines where 
the drug will be retained the most. In peripheral blood of CD patients, CES1 is 
exclusively expressed in monocytes and DCs. Among monocyte subsets, CES1 
expression is highest in classical monocytes in healthy donors and conversely, in 
non-classical monocytes in CD patients. This may be reflective of a preferential 
trafficking of CES1-expressing classical monocytes to the locally inflamed colon in CD 
patients where classical monocytes are recruited to support intestinal inflammation 
[27, 28]. Moreover, this exclusive CES1 expression in MMCs was confirmed in CD 
patients’ colon biopsies as well as immune cells retrieved from locally inflamed 
fistulae tracts of CD patients, a common CD complication that does not respond 
well to standard biologic therapies. Interestingly, we found that the majority of 
CD68+ macrophages in inflamed intestinal mucosa express CES1, unlike non-
inflamed mucosa where less CES1-expressing macrophages were identified. Capece 
et al, have shown that CES1 expression is increased downstream of NF-κB signaling 
[29], and therefore is upregulated by inflammatory stimuli. In chapter 2 and 4, we 
extend this observation to MMCs, as we show that CES1 is significantly increased 
in response to LPS in in vitro DCs culture. Similarly, reanalyzing RNAseq data from 
Bujko et al. shows the greatest CES1 expression in peripheral blood monocytes and 
the CD14+CD11c+HLA-DRint  immature macrophages in contrast to more mature 
macrophages subsets and DCs in non-inflamed intestinal environment. This is 
associated with co-expression of S100A12, a known inflammatory IBD biomarker 
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that is highly expressed in inflammatory macrophages and can endogenously 
activate TLR4 and subsequently the NF-κB signaling pathway [30, 31]. In contrast, 
in the IBD inflamed tissue environment, CES1 expression is high among most of the 
macrophages and DCs subsets isolated from CD inflamed fistulae tract mucosa as 
we demonstrated in chapter 3. This link between CES1 expression and inflammatory 
cues is particularly interesting in clinical application of ESM technology in IBD as 
ESM tagged drugs are preferentially retained in the CES1-expressing cells. MMCs 
are diverse cell populations that play a major role in intestinal homeostasis in health 
and disease. They play opposing roles to fuel intestinal inflammation or maintain 
tolerance respectively depending on the predominant MMCs subsets and enriched 
cues within the local intestinal environment [22]. Therefore, preferential targeting of 
the deleterious MMCs subsets while sparing the homeostatic subsets is beneficial for 
successful therapeutic outcome in IBD.  

As demonstrated in chapter 1, the esterase sensitive motif (ESM) coupled to the drug 
of interest is sensitive to hydrolysis specifically by CES1 enzyme, therefore the drug 
is hydrolyzed and retained intracellularly in CES1-expressing cells. Accordingly, using 
less potent ESM tagged drugs at low doses allows for negligible effect in all tissues 
except for CES1-expressing cells where compound gradually builds up to reach 
therapeutic levels. We made use of an ESM tagged HDAC inhibitor (ESM-HDAC528) 
and BET inhibitor (ESM-iBET; GSK3361191), developed by GSK to explore their 
therapeutic potential in IBD. As demonstrated in chapter 2, we utilized monocytes as 
a CES1-expressing in vitro model to show that ESM-HDAC528 is capable of building 
up intracellularly compared to non-hydrolysable HDAC800 control. Despite both 
drugs having same biochemical potency, ESM-HDAC528 potently inhibited IL-6 and 
TNF-α in monocytes at doses 1000 times lower than the non-hydrolysable HDAC800 
control. This augmented anti-inflammatory therapeutic efficacy is reflective of CES1 
assisted ESM-HDAC528 accumulation. How these in vitro findings are recapitulated 
in vivo was evident in a phase 1 clinical trial [25], addressing the pharmacokinetics 
and safety of ESM-HDAC391, another ESM tagged HDAC inhibitor developed by 
GSK. ESM-HDAC391 selectively accumulated in blood monocytes compared to 
lymphocytes and granulocytes. Despite the short half-life of the drug, 21-30 minutes, 
a sustained inhibition of inflammatory cytokines (TNFα, IL‐6, IL‐1β and IFN‐γ) was 
evident up to 12 hours following drug administration. This was accompanied by 
enhanced total protein acetylation selectively within monocytes, a direct effect 
of unopposed HATs activity due to HDAC inhibition. Interestingly, these sustained 
pharmacodynamic effects were still evident just prior to dosing, after 7 days of once 
daily treatment in the absence of any measurable plasma drug concentrations, 
reflecting a sustained cumulative effect of repeated dosing [25]. In a preclinical 
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murine model of rheumatoid arthritis, ESM-HDAC inhibitor (CHR-4487) achieved 
clinical efficacy at doses as low as 1, 3 and 10 mg/kg compared to 100mg/kg for 
SAHA, a conventional pan-HDAC inhibitor [23].

These apparent in vitro and in vivo enhanced therapeutic effects, and high tolerability 
of ESM tagged HDAC inhibitors in phase 1 clinical trials were encouraging to explore 
therapeutic potential of this approach in the complex pathology of IBD. As we 
demonstrated in chapter 2, ESM-HDAC528 showed a moderate clinical efficacy in 
preclinical murine models of IBD. Selective targeting of the drug was evident by 
preferential increased global acetylation in blood monocytes as shown earlier in 
in vivo human clinical trials [25, 26]. In a T cell transfer colitis model, ESM-HDAC528 
attenuated colon inflammation and reduced serum and colon inflammatory cytokines. 
Selective targeting of DCs in this model might be responsible for the achieved 
therapeutic benefits. HDAC inhibitors can modulate DCs functions, compromising T 
cell stimulatory activity and Th1 polarization [32]. DCs play a key role in this model 
to promote a T cell mediated colon inflammation [33, 34]. Alternatively, in a DSS-
induced colitis model, the clinical benefits were modest, only improving selected end 
point parameters of the model. However, intestinal macrophage differentiation was 
compromised in the colon, while peritoneal macrophages showed less LPS-induced 
cytokine responses. The observed discrepancy between the outcomes of the two 
colitis models may be attributed to their different predominant mechanisms driving 
inflammation. Moreover, the inconclusive outcome in the DSS colitis model, despite 
selective and effective targeting of blood monocytes and tissue macrophages, can 
be attributed to the universal targeting of all MMCs subsets in our murine models, 
including anti-inflammatory subsets that play a role in limiting colon inflammation 
in the DSS model. To this point, it is important to note that ESM tagged drugs are 
only sensitive to hydrolysis by human CES1 enzyme and not murine CES enzymes. 
Our in vivo studies were conducted in transgenic mice over expressing human CES1 
under CD68 promotor [35] which allows for universally high human CES1 expression 
in all murine MMCs subsets. Unlike in human, transgenic CES1 expression in mice was 
not responsive to inflammatory cues. Therefore, due to discrepancy between CES1 
dynamics in human vs transgenic murine systems, translating in vivo finding from 
murine studies to human should be done with care. 

Another ESM tagged epigenetic drug investigated in chapter 3 was ESM-iBET 
(GSK3361191). Similar to ESM-HDAC528, we demonstrated that ESM-iBET was 
superior to non-hydrolysable iBET control (GSK3235220) at inhibiting inflammatory 
cytokine production in CES1-expressing monocytes. This superior potency was also 
evident in our monocyte transcriptomic analysis. BET inhibition can exert toxic effect 
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on intestinal epithelial cells [36]. This effect seems to be predominant over the anti-
inflammatory benefits in the complex gastrointestinal inflammatory environment, as 
BET inhibition is reported to aggravate intestinal inflammation in DSS-induced colitis 
model [18]. Our mass cytometry analysis of CD intestinal biopsies demonstrated that 
the majority of EpCAM+ epithelial cells did not express CES1, which is interesting for 
application of ESM-iBET in IBD to mitigate the potential iBET toxicity on intestinal 
epithelial cells while targeting inflammatory MMCs. Furthermore, our transcriptomic 
analysis of ESM-iBET treated monocytes showed efficient targeting of multiple 
inflammatory pathways relevant to IBD pathogenesis, including TNF, JAK-STAT, NF-
kB, NOD2, and AKT signaling pathways. Among these pathways, TNF and JAK-STAT 
are targets of currently available IBD biologics in the clinic. Unlike current therapies, 
ESM-iBET can target multiple CD-relevant inflammatory pathways simultaneously 
in MMCs. This may in turn improve responses rate for a wider range of patients 
compared to current therapies that aim to target a specific cytokine or pathway 
component, which can only be beneficial in patients in which this particular pathway 
is predominantly driving inflammation. However, clinical trials should be conducted 
to explore whether this approach is of clinical benefit, as in a complex in vivo 
environment, cell types other than MMCs, such as intestinal lymphocytes, epithelial, 
and stromal cells, contribute to intestinal inflammation.

CES1 regulation by inflammatory cues in DCs. 
Despite high expression of CES1 in MMCs, little is known about a potential role of CES1 in 
modulating MMCs phenotype and inflammatory response. Most of the studies of CES1 
functions in macrophages focused on role of CES1 in cholesterol trafficking and foamy 
macrophage phenotype [37, 38]. In chapter 2, we demonstrated that CES1 expressing 
macrophages were more enriched in inflammatory CD intestinal environment, in 
line with earlier report that shows CES1 upregulation downstream of NFκB signaling 
[29]. In chapter 3, we further investigated CES1 dynamics in DCs and observed strong 
CES1 upregulation early during in vitro monocytes derived dendritic cells (MoDCs) 
differentiation in response to GMCSF and IL4 and later in response to LPS stimulation. 
When we pharmacologically blocked CES1 early during MoDCs differentiation, the 
resulting DCs were characterized by a more inflammatory phenotype, enhanced 
phagocytic capacity and stronger ability to support Th17 induction. In contrary, an 
attenuated inflammatory phenotype was observed in DCs overexpressing human 
CES1 in transgenic murine model. Metabolic adaptions of DCs are closely linked to 
their phenotype and functional activities [39]. A switch towards glycolytic energy 
metabolism is a metabolic prerequisite of inflammatory MoDCs phenotype [40-42]. 
Alternatively tolerogenic DCs are largely dependent on mitochondrial respiration 
[43]. Our metabolomics analysis and functional respirometry investigations revealed 



226 | Chapter 7

altered metabolic profile of CES1 inhibitor treated MoDCs. We noted a higher lactic 
acid production, a compromised mitochondrial respiration, a long with modulated TCA 
cycle intermediates. A recent report shows similar effect on mitochondrial respiration 
in hepatocytes following CES1 inhibition [44]. Our study highlighted a role of CES1 to 
support metabolic demands of differentiating DCs that can be a target to modulate 
DCs phenotype and function. However, a full mechanistic understanding of the 
pathways involved was not covered in our study and requires further investigations. 
We alternatively focused on exploring potential clinical translation of our findings. 
We demonstrated that human CES1 overexpression in a CD68 specific manner 
conferred a protective effect against colitis development in a T cell transfer colitis 
model. However, our results need further validation in a normal esterase background 
mice, due to discrepancies in blood esterase background between our CES1/Es1elo/
Rag-/- transgenic mice and Rag-/- control mice. Previous in vivo studies demonstrated 
anti-inflammatory role of CES1 in LPS induced lung inflammation and alcohol induced 
steatohepatitis murine models [45, 46]. However, further in vivo studies need to make 
use of human CES1 transgenic mice due to discrepancies between human and murine 
CES enzyme expression and distribution. Alternatively, inflammatory DCs phenotype 
with Th17 supporting activity, associated with blocking CES1 may be of therapeutic 
benefit in cancer vaccine development. Th17 infiltration and expansion within ovarian 
cancer tissue, supported by DCs, is shown to be predictive of a favourable disease  
outcome [47, 48]. 

Exploring applications of more specific epigenetic druggable 
targets in IBD. 
To harness the translational benefits of targeting epigenetics in inflammatory diseases, 
additional mechanistic studies were conducted to identify novel epigenetic targets 
that are more specific to inflammatory responses; bromodomain 2 (BD2) was among 
the identified druggable targets. As detailed in chapter 1, the BET proteins family 
members (BRD2, BRD3, BRD4 and BRDT) structurally share 2 common bromodomains; 
BD1 and BD2. While BD1 anchors the BET protein to acetylated histone residues 
and allows for homeostatic gene expression, BD2 is essential for induced gene 
expression during activated cellular states [49]. These functional distinctive roles 
encouraged development of BD2 selective inhibitors that can specifically interfere 
with induced gene expression during inflammatory response, meanwhile limiting 
the wide range of toxicities associated with pan BET inhibitors. In chapter 5, our T 
cell transfer colitis study investigating clinical efficacy of BD2 inhibitor (GSK620A) 
and pan BET inhibitors iBET151 demonstrated a significant reduction of serum 
inflammatory cytokines. However, this efficient anti-inflammatory systemic effect 
did not translate into sufficient clinical efficacy which was unexpectedly modest. The 
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best outcome was observed at low dose (1 mg/kg) BD2 inhibitor treatment. Unlike 
pan-BET inhibitor, low dose BD2 inhibitor demonstrated reduced local inflammatory 
cytokines in the colon, associated with a mild reduction of intestinal inflammation. 
The modest clinical efficacy of pan BET inhibition confirms our earlier study in same 
model [17]. Moreover, in a DSS induced colitis model, the effect of pan BET inhibition 
was deleterious [18]. BET inhibitors have a known toxicity on intestinal epithelial 
cell which might explain the modest outcome in our model [36]. An earlier study 
using another BD2 inhibitor (ABBV-744) demonstrated less gastrointestinal toxicity 
compared to pan BET inhibitor [50]. However, whether the BD2 inhibitor used in 
our study demonstrates gastrointestinal toxicity was not investigated. Moreover, 
selective targeting of BD2 over BD1 at the indicated doses should be confirmed, 
as multiple epigenetic inhibitors appear to be less selective than proposed due to 
the challenging drug design of a selective inhibitor over structurally similar protein 
members in the same family [51]. BD2 inhibitors showed promising clinical efficacy in 
preclinical models of other inflammatory diseases, equivalent to standard therapies 
[49]. However, to harness the therapeutic potential of BET inhibition in the context 
of IBD, BD2 inhibitor candidates need to be prescreened within in vitro or ex vivo 
organoid / intestinal epithelial models to exclude any potential gastrointestinal 
toxicity prior to selection for further investigations in in vivo preclinical IBD models. 
This will help to refine selection of the best drug candidate for development in IBD. 

Towards better characterization of response to current IBD 
biologics therapies.
Multiple biologic therapies are currently available for IBD, however response rates 
remain unsatisfactoryly high for most of the therapeutics [1]. Despite understanding 
the molecular mechanisms of these medications, mechanisms behind clinical 
efficacy are unclear and therefore patient response to a particular biologic is 
highly unpredictable, with lack of reliable prognostic biomarkers [8]. In chapter 6, 
we explored the potential of single cell omics analysis to investigate response to 
vedolizumab (VDZ), an anti-integrin α4β7 that interferes with immune cells trafficking 
into gut. However, while earlier reports atributes VDZ efficacy to an effect mainly 
exerted on T cell trafficking into gut, a growing evidence points to an effect on 
myeloid cells and B cells as well. In our study, we observed that changes of cellular 
composition predominantly affected the myeloid cell compartment, as circulating 
classical monocytes and plasmacytoid DCs (pDCs) were less abundant in non-
responders. Previous studies have showed significantly decreased circulating pDCs 
in IBD patients, attributable to increased trafficking to intestinal inflamed tissues 
[52, 53]. However, the exact role that pDCs play in IBD pathogenesis is controversial, 
as in preclinical disease models, pDCs were reported to aggravate, protect or even 
have negligible impact on intestinal inflammation [54-56]. However, drug non-
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responsiveness is associated with ongoing active inflammation which may explain 
the lower abundance of pDCs, reflecting active disease state. Alternatively, lower 
circulating classical monocyte abundance was observed in non-responders and 
was associated with a phenotype primed at activating the alternative complement 
pathway compared to a more scavenger-like, wound-healing phenotype in 
responders. This discrepancy of monocytes abundance and phenotype is indicative 
of an effect of VDZ on resolution of active inflammation. Whether these findings 
are specific to VDZ response or indicative of inflammation resolution regardless 
of treatment is inconclusive as our study lacks comparison to other medications. 
Moreover, we cannot imply any prognostic value of these observations given the lack 
of control samples prior to start of treatment and small sample size. However, our 
study provided novel insights into the capabilities of single-cell transcriptomics and 
mass cytometry for elucidating response to VDZ. Larger studies with bigger sample 
size, control samples prior to treatment start and other medications comparison 
arms are needed to better understand response to biologics and identify potential 
prognostic biomarkers that can refine personalized medicine practices in IBD and 
biologic prescriptions. 

Conclusion and future perspectives 

Clinical care of IBD is in enormous need of novel, effective and safe therapeutic 
options to tackle the high rate of non-responsiveness to current medications. 
Epigenetic medicines are increasingly developed in multiple clinical domains, 
due to their wide range of clinical benefits attributable to nonspecific targeting of 
multiple cellular functions, however, this comes with a cost of many adverse events 
as well [20, 21]. While the first wave of epigenetic medicines lacked specificity, 
recently developed medicines attempt to tackle this problem. In the current thesis 
we discussed applications of new targeted epigenetic medicines in the treatment 
of IBD, that is more specific for inflammation and therefore aim to achieve clinical 
efficacy taking into consideration an improved safety profile. 

We investigated the potential of targeting MMCs epigenome using ESM technology 
in IBD. We demonstrated augmented potency of ESM tagged HDAC and BET 
inhibitors in in vitro models of CES1-expressing cells, validating the CES1 assisted 
targeting of these medicines to MMCs. Moreover, we demonstrated selective CES1 
expression in MMCs within peripheral blood and inflamed tissue of IBD patients and 
highlighted the potential benefits of this approach in preclinical models of IBD. We 
highlighted a role of CES1 in shaping DCs metabolic profile which in turn modulates 
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DCs inflammatory phenotype. The selective targeting of MMCs allows for focusing 
drug beneficial effects in cells relevant to the disease pathology therefore limiting 
its toxicities. Despite preclinical data supporting this approach, it is hard to predict in 
vivo efficacy to ameliorate inflammation in the complex gut inflamed environment, 
where contributions of other inflammatory cells, epithelial and stromal cells to the 
pathology is substantial. Murine studies are difficult to predict the potential efficacy 
in humans given the discrepancies between naturally occurring human CES1 and 
transgenic human CES1 expression and dynamics in murine models. Therefore, 
preclinical animal studies should not be a prerequisite for moving forwards to 
clinical trials. IBD human ex vivo models might be an alternative, including culture 
of inflamed tissue retrieved cells and more complex gut organoid cultures. 

Targeting epigenetic elements specific to inflammation is an alternative approach 
in epigenetic medicine development. In the current thesis, we investigated BD2 
as an interesting target in IBD, however screening of potential BD2 inhibitors 
candidates in intestinal organoids might be beneficial to ensure selectivity and lack 
of gastrointestinal toxicity prior to further development in IBD. Furthermore, better 
understanding of mechanisms and predictors of drugs response in IBD is essential 
to achieve better drug selection for candidate patients. We highlighted the benefits 
of single cell omics methods to achieve that goal, towards a better personalized 
medicine practice in IBD. 

In conclusion, our thesis provides an insight to the translational potential of different 
epigenetic targeted medicines in IBD and highlights the endeavors of improving 
selectivity of epigenetic targeting to harness therapeutic benefits for the growing 
plethora of these medicines, while improving their safety profile and extending their 
application to inflammation mediated diseases.   
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English summary 

In this thesis, we explored the potential of novel approaches for targeting immune 
epigenome in inflammatory bowel disease (IBD). We investigated cell specific as 
well as epigenetic enzymes domain-specific drug targeting. These approaches 
aim to develop more tolerable and effective epigenetic therapies for inflammation 
mediated diseases. 

In Chapter 1, we explained some of the known mechanisms by which epigenetic 
enzymes, such as histone acetylases (HATs), histone deacetylases (HDACs), DNA 
methylases, and bromodomain-containing proteins (BCPs), regulate chromatin 
remodeling and their impact on health and disease. We provided a comprehensive 
overview of the most recent progress in developing inhibitors that specifically target 
certain classes, isoforms, or domains of HDACs or BCPs. Additionally, we discussed 
innovative strategies for delivering epigenetic targeted drugs to specific immune 
cells. The advantages and disadvantages of these approaches were examined, with 
a focus on their therapeutic potential in inflammation mediated diseases, including 
IBD. Lastly, we proposed valuable avenues for future research to enhance safety, avoid 
unintended adverse effects associated with earlier non-specific epigenetic therapies 
and guide the application of these approaches in the context of inflammation 
mediated diseases.

In Chapter 2, we investigated the therapeutic potential of delivering a pan-HDAC 
inhibitor specifically to mononuclear myeloid cells (MMCs) in murine models of IBD. 
Using esterase sensitive motif (ESM) technology; a specific drug delivery platform 
that allows an ESM tagged drug to be hydrolyzed and retained in MMCs by the 
activity of their carboxylestarse-1 enzyme (CES1). CES1 is known to be expressed in 
MMCs, hepatocytes and to less extent in adipocytes. By incorporating an ESM tag into 
a pan-HDAC inhibitor, referred to as ESM-HDAC528, we demonstrated the specific 
hydrolysis and subsequent retention of ESM-HDAC528 within CES1-expressing 
monocytes, macrophages and dendritic cells. This in turn was associated with 
markedly enhanced ability to reduce inflammatory cytokines compared to HDAC800; 
a non ESM tagged HDAC inhibitor of same biochemical potency. In preclinical IBD 
murine models, we observed an improvement of colitis in both T cell transfer and 
to less extent in dextran sulfate sodium (DSS)-induced colitis models. Furthermore, 
ESM-HDAC528 specifically targeted blood monocytes, impaired monocytes into 
macrophages differentiation in the colon and reduced the inflammatory response of 
peritoneal macrophages. In human IBD patients, CES1 expressing macrophage were 
more abundant in inflamed compared to non-inflamed colon tissue. Collectively, 
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we presented ESM-HDAC inhibitor as a promising drug candidate of potential 
therapeutic relevance in IBD. 

In Chapter 3, we employed single cell mass cytometry analysis to explore CES1 
expression in IBD patients in both peripheral blood and locally inflamed tissues at 
single cell level. We demonstrated exclusive CES1 expression among MMCs in blood 
and intestinal biopsies of crohn’s disease (CD) patients, regardless of treatment 
response status. We further identified different MMCs subsets in CD fistulae 
tracts, a common difficult to treat CD complication, and showed specific and high 
CES1 expression among these subsets. Using ESM drug design technology, we 
demonstrated enhanced ability of ESM tagged BET inhibitor (ESM-iBET; GSK3361191) 
to inhibit inflammatory cytokines in CES1-expressing monocytes in both PBMCs 
or purified CD14+ monocytes compared to iBET (GSK3235220). Moreover, our 
monocytes transcriptomic analysis identified a potent inhibitory effect of ESM-iBET 
on multiple pathways of potential therapeutic relevance to CD including; TNF, JAK-
STAT, NF-kB, NOD2, and AKT signaling pathways, with superior potency over iBET. 
Collectively, chapter 2 and 3 discuss MMCs targeted HDAC or BET inhibition as an 
interesting therapeutic strategy in IBD. 

In Chapter 4, we highlighted a role of CES1 enzyme in modulating DCs differentiation, 
phenotype and function. Using pharmacological inhibitor of CES1 or transgenic 
overexpression in murine system, we showed that CES1 inhibition promoted DCs 
differentiation with stronger inflammatory phenotype, higher phagocytic capacity 
and ability to support Th17 polarization. Alternatively, human CES1 overexpression 
in murine MMCs promoted less inflammatory cytokines secretion in bone marrow 
derived DCs (BMDCs), in response to TLRs ligands and conferred a resistance to colitis 
development in T cell transfer IBD model. Our transcriptomic analysis revealed an 
impact of CES1 inhibition on multiple inflammatory and metabolic pathways in 
DCs. Functional metabolic analysis showed impaired oxidative phosphorylation 
meanwhile increased lactic acid production, and modulated tricarboxylic acid 
(TCA) cycle intermediates, reflecting a predominant glycolytic metabolic profile. 
Collectively, this chapter reports a role of CES1 in DCs inflammatory response 
through modulating their metabolic profile.

In Chapter 5, we explored the therapeutic potential of selective bromodomain 
2 (BD2) targeting of BET proteins in preclinical model of IBD. Using T cell transfer 
colitis model, we explored the clinical efficacy of both pan-BET inhibitor (I-BET151) 
and BD2 inhibitor (GSK620). We demonstrated modest clinical improvement when 
treatments are applied in therapeutic approach, following establishment of colon 
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inflammation. Both inhibitors reduced systemic inflammation, manifested by 
significantly reduced circulating IL12, IL6, IFNγ and TNFα. However local intestinal 
inflammation remained persistently high, and only non-significantly decreased in 
low dose GSK620 treatment, which was accompanied by slightly improved colon 
histology inflammation scores. Collectively, in vivo BD2 specific inhibition using 
GSK620 only demonstrated limited clinical efficacy.

In Chapter 6, we explored the capabilities of single cell transcriptomic and mass 
cytometry technologies to identify determinants of response to vedolizumab in CD 
patients. Comparing PBMCs from responders and non-responders to vedolizumab 
after 14 weeks into treatment, we identified differences in cellular composition and 
intrinsic cellular behavior of both T and myeloid cells compartments. A significant 
reduction of circulating plasmacytoid DCs was noted, along with altered classical 
monocytes transcriptome, demonstrating less wound healing and cytokine-cytokine 
receptors signaling genes expression among non-responders. Alternatively, T cell 
compartment demonstrated lower expression of inhibitors of the NFкB signaling 
pathway among non-responders. Collectively, this study demonstrates the use of 
multi-omics technologies to understand responsiveness to IBD therapies for better 
personalized medicine practices.  
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Nederlandse samenvatting 

In dit proefschrift hebben we het potentieel onderzocht van nieuwe benaderingen 
voor het aanpakken van het immuun-epigenoom bij inflammatoire darmziekten (IBD). 
We onderzochten zowel celspecifieke als epigenetische enzymen, domeinspecifieke 
medicijntargeting. Deze benaderingen zijn gericht op het ontwikkelen van 
beter verdraagbare en effectieve epigenetische therapieën voor ontsteking  
gemedieerde ziekten. 

In Hoofdstuk 1, hebben we enkele van de bekende mechanismen uitgelegd 
waarmee epigenetische enzymen, zoals histonacetylasen (HAT's), histondeacetylasen 
(HDAC's), DNA-methylasen en broom-domein-bevattende eiwitten (BCP's), de 
remodellering van chromatine reguleren en impact hebben op gezondheid en ziekte. 
We hebben een uitgebreid overzicht gegeven van de meest recente vooruitgang 
in de ontwikkeling van remmers die zich specifiek richten op bepaalde klassen, 
isovormen of domeinen van HDAC's of BCP's. Daarnaast bespraken we innovatieve 
strategieën voor het afleveren van epigenetische gerichte medicijnen aan specifieke 
immuuncellen. De voor- en nadelen van deze benaderingen werden onderzocht 
met de nadruk op hun therapeutisch potentieel bij ontstekingsgemedieerde 
ziekten, waaronder IBD. Ten slotte hebben we waardevolle wegen voorgesteld 
voor toekomstig onderzoek om de veiligheid te verbeteren, onbedoelde nadelige 
effecten te vermijden die verband houden met eerdere niet-specifieke epigenetische 
therapieën en de toepassing van deze benaderingen te begeleiden in de context van 
ontstekingsgemedieerde ziekten. 

In Hoofdstuk 2 hebben we het therapeutisch potentieel van het toedienen van een 
pan-HDAC-remmer specifiek aan mononucleaire myeloïde cellen (MMC's) onderzocht in 
muriene modellen van IBD. Met behulp van esterase-gevoelige motief (ESM) technologie; 
een specifiek medicijnafgifteplatform waarmee een ESM-gelabeld medicijn kan worden 
gehydrolyseerd en vastgehouden in MMC's door de activiteit van hun carboxylesterase-
1-enzym (CES1). Van CES1 is bekend dat het tot expressie wordt gebracht in MMC's, 
hepatocyten en in mindere mate in adipocyten. Door een ESM-tag op te nemen in een 
pan-HDAC-remmer, aangeduid als ESM-HDAC528, hebben we de specifieke hydrolyse 
en daaropvolgende retentie van ESM-HDAC528 aangetoond in monocyten, macrofagen 
en dendritische cellen die CES1 tot expressie brengen. Dit ging op zijn beurt gepaard 
met een aanzienlijk verbeterd vermogen om inflammatoire cytokines te verminderen 
in vergelijking met HDAC800; een niet-ESM-gelabelde HDAC-remmer met dezelfde 
biochemische potentie. In preklinische IBD-muizenmodellen zagen we een verbetering 
van colitis in zowel T-celtransfer als in mindere mate in door dextraansulfaatnatrium 
(DSS) geïnduceerde colitismodellen. Bovendien richtte ESM-HDAC528 zich specifiek 
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op bloedmonocyten, verstoorde de differentiatie van monocyten tot macrofagen in 
de dikke darm en verminderde de ontstekingsreactie van peritoneale macrofagen. 
Bij menselijke IBD-patiënten waren macrofagen die CES1 tot expressie brachten meer 
aanwezig in ontstoken dan in niet-ontstoken darmweefsel. Gezamenlijk presenteerden 
we de ESM-HDAC-remmer als een veelbelovend kandidaat-geneesmiddel met potentiële 
therapeutische relevantie bij IBD.

In Hoofdstuk 3 hebben we single cell mass cytometry analyse gebruikt om CES1-
expressie bij IBD-patiënten te onderzoeken in zowel perifeer bloed als lokaal ontstoken 
weefsel, op het niveau van een enkele cel. We hebben exclusieve CES1-expressie 
aangetoond bij MMC's in bloed- en darmbiopten van patiënten met de ziekte van 
Crohn (CD), ongeacht de status van de respons op de behandeling. We identificeerden 
verder verschillende MMC-subsets in CD-fistelkanalen, een veelvoorkomende 
moeilijk te behandelen CD-complicatie, en vertoonden specifieke en hoge CES1-
expressie in deze subsets. Met behulp van ESM-technologie voor het ontwerpen van 
geneesmiddelen hebben we een verbeterd vermogen aangetoond van ESM-gelabelde 
BET-remmer (ESM-iBET; GSK3361191) om inflammatoire cytokines te remmen in 
monocyten die CES1 tot expressie brengen in zowel PBMC's als gezuiverde CD14+ 
monocyten in vergelijking met iBET (GSK3235220). Bovendien identificeerde onze 
transcriptomische analyse van monocyten een krachtig remmend effect van ESM-
iBET op meerdere routes van potentiële therapeutische relevantie voor CD, waaronder; 
TNF, JAK-STAT, NF-kB, NOD2 en AKT signaleringsroutes, met superieure potentie ten 
opzichte van iBET. Gezamenlijk bespreken hoofdstuk 2 en 3 MMC's gerichte HDAC- of 
BET-remming als een interessante therapeutische strategie bij IBD. 

In hoofdstuk 4, hebben we de rol van het CES1-enzym in het moduleren van 
differentiatie, fenotype en functie van DC's benadrukt. Met behulp van een 
farmacologische remmer van CES1 of transgene overexpressie in de muis, toonden 
we aan dat CES1-remming de differentiatie van DC's bevorderde met een sterker 
inflammatoir fenotype, een hoger fagocytisch vermogen en het vermogen om Th17-
polarisatie te ondersteunen. Bovendien bevorderde menselijke CES1-overexpressie in 
muriene MMC's minder secretie van inflammatoire cytokines in beenmerg afgeleide 
DC's (BMDC's), als reactie op TLR's-liganden en verleende het een weerstand 
tegen de ontwikkeling van colitis in het IBD-model voor T-celoverdracht. Onze 
transcriptomische analyse onthulde een impact van CES1-remming op meerdere 
inflammatoire en metabolische routes in DC's. Functionele metabole analyse 
toonde verminderde oxidatieve fosforylering aan met tegelijkertijd een verhoogde 
melkzuurproductie en gemoduleerde tricarbonzuur (TCA) cyclustussenproducten 
die een overheersend glycolytisch metabolisch profiel weerspiegelen. Gezamenlijk 
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rapporteert dit hoofdstuk een rol van CES1 in de ontstekingsreactie van DC's door 
hun metabolische profiel te moduleren. 

In Hoofdstuk 5 onderzochten we het therapeutisch potentieel van selectieve 
broomdomein 2 (BD2) targeting van BET-eiwitten in een preklinisch model van IBD. 
Met behulp van het T-celtransfermodel hebben we de klinische werkzaamheid van 
zowel pan-BET-remmer (I-BET151) als BD2-remmer (GSK620) onderzocht. We hebben 
een bescheiden klinische verbetering aangetoond wanneer behandelingen worden 
toegepast in een therapeutische benadering, na het ontstaan van darmontsteking. 
Beide remmers verminderden de systemische ontsteking, wat zich uitte in een 
significant verminderde circulatie van IL12, IL6, IFNy en TNFα. Lokale darmontsteking 
bleef echter aanhoudend hoog en nam slechts niet-significant af bij behandeling met 
een lage dosis GSK620, wat gepaard ging met licht verbeterde scores voor histologische 
ontsteking van de dikke darm. Gezamenlijk vertoonde in vivo BD2-specifieke remming 
met behulp van GSK620 slechts een beperkte klinische werkzaamheid.

In Hoofdstuk 6 onderzochten we de mogelijkheden van single cell transcriptomics 
en mass cytometry technologieën om determinanten van respons op vedolizumab 
bij coeliakiepatiënten te identificeren. Door PBMC's van responders en non-
responders op vedolizumab na 14 weken behandeling te vergelijken, identificeerden 
we verschillen in cellulaire samenstelling en intrinsiek cellulair gedrag van zowel 
T- als myeloïde celcompartimenten. Er werd een significante vermindering van 
circulerende plasmacytoïde DC's opgemerkt, samen met een veranderd klassiek 
monocytentranscriptoom, wat aantoont dat er minder wondgenezing en cytokine-
cytokinereceptoren signalering genenexpressie bij non-responders. 
Verder vertoonde het T-celcompartiment een lagere expressie van remmers van de 
NFKB-signaalroute bij non-responders. Gezamenlijk demonstreert deze studie het 
gebruik van multi-omics-technologieën om inzicht te krijgen in de reactie op IBD-
therapieën voor betere therapie op maat: personalised medicine.
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