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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 
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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.
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1.   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 remodelling 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 mul-
tiple 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 HDACi5 with treatment discontinu-
ation as a result.6 
In immune-related diseases, HDACi treatment inhibits inflamma-
tory 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 dem-
onstrated 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 ap-
proach can minimise off-target effects. Murine models are designed 
to investigate this approach through transgenic human CES1 expres-
sion, 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 amelior-
ates colitis in preclinical models and second, IBD is an immune-driven 
pathology where mononuclear myeloid cells, including inflam-
matory macrophages, are enriched in Crohn’s disease [CD] colon 
mucosa24 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 re-
sistance 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 peri-
toneal macrophages.

2.   Materials and Methods

Detailed information on the materials, methods, and associated ref-
erences can be found in the SI Appendix, available as Supplementary 
data at ECCO-JCC online.

2.1.   Compounds
ESM-HDAC528 and its non-hydrolysable HDAC800 control were 
provided by GlaxoSmithKline [Stevenage, UK].

2.2.   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.

2.3.   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, iso-
lated 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.

2.4.   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.

2.5.   Cytokine measurement
Cytokines were measured using either mouse inflammation 
CBA kit [BD Bioscience], Meso Scale Discovery [MSD] plates or 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab176#supplementary-data
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enzyme-linked immunosorbent assay [ELISA] kits [R&D systems], 
according to the manufacturer’s protocol.

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

2.7.   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 algo-
rithm for CyTOF data.29 Analysis were performed using R Studio. 
Clusters of phenotypically similar cells were identified using the 
FlowSOM-package.30

2.8.   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].

2.9.   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.

2.10.   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.

2.11.   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.

2.12.   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.

3.   Results

3.1.   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 retained23 [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 meas-
ured 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 hydro-
lysed 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, re-
flecting 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].

3.2.   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 expres-
sion reduced upon differentiation into macrophages or immature 
DCs [imDCs] [Figure 1C]. However, an upregulation of CES1 ex-
pression was observed in mature DCs [mDCs] upon LPS-primed 
maturation [Figure 1C].

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 fol-
lowing 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], des-
pite the upregulation of CES1 mRNA levels seen upon LPS mat-
uration 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.

3.3.   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 expres-
sion among mononuclear myeloid cell subsets might be reflected 
in differential ESM-HDAC528 anti-inflammatory potency. Both 
human blood CD14+ monocytes and in vitro differentiated macro-
phages from matched donors were incubated with serial dilutions of 
ESM-HDAC528 or HDAC800, and then stimulated with LPS. ESM-
HDAC528 compromised adenosine triohosphate [ATP] production 
in monocytes culture at 9.7 nM compared with 156.2 nM in macro-
phages [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 po-
tency of ESM-HDAC528 over HDAC800 confirms the augmented 
effect of the ESM-HDAC528, mediated by CES1 activity.
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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 
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differentiated macrophages and dendritic cells [imDCs], and LPS-polarised dendritic cells [mDCs]. [D and E] Macrophages imDCs or mDCs were all incubated 
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3.4.   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 expres-
sion [Figure S1, available as Supplementary data at ECCO-JCC 
online]. 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]. In the monocyte population, 
non-classical monocytes showed significantly less CES1 expression 
compared with both classical and intermediate monocytes as identi-
fied by both frequency of CES1+ cells and geometric mean of inten-
sity 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 heterogen-
eity of monocyte populations was further dissected, showing the 
expression pattern of monocyte-related markers among the mono-
cyte 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.

3.5.   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, im-
munofluorescent 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]. The fre-
quency of colon mucosal macrophages, as defined by CD68 expres-
sion, 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. 201833 
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 intes-
tinal 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 ex-
pression 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].

To examine CES1 expression development in intestinal mono-
nuclear phagocytes [MNPs] of CD patients, a developmental tra-
jectory analysis was conducted on scRNAseq data retrieved from 
Martin et  al. 201926 [Figure 3D]. There was lower CES1 mRNA 
transcript expression in MNPs retrieved from this dataset as com-
pared with Bujko et  al.’s 201833 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].

3.6.   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 in-
testinal 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, available as Supplementary data 
at ECCO-JCC online] 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 acetyl-
ated 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 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.
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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] 
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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 col-
itis was limited to a number of clinical and biochemical parameters. 
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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.

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.
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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, 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab176#supplementary-data
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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 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 sig-
nificantly 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, available as Supplementary data at ECCO-JCC online]. 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+] recruit-
ment in particular [data not shown]. 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 af-
fected, but the DCs subset distribution was modulated, with enrich-
ment 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 col-
itis, 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].

3.7.   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 pre-
served 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].

4.   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 intracel-
lularly. 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 intracel-
lular ATP levels in both monocytes and macrophages. In this con-
text, intracellular ATP levels were reported to positively correlate 
with cell proliferation and were 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 chem-
ical potency, as a consequence of the CES1-mediated accumulation 
of ESM-HDAC528 in monocytes and macrophages. Therefore ad-
ministering 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 se-
lectively 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 

available as Supplementary data at ECCO-JCC online. 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], thw 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.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab176#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab176#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab176#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab176#supplementary-data
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compared with CD14+CD16++ non-classical monocytes. CES1 ex-
pression 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 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 corres-
ponds to the recently recruited monocytes in early stages of macro-
phage 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 re-
liable IBD biomarker that highly correlates with inflammation se-
verity.38 S100A12 is also enriched in inflammatory macrophages and 
neutrophils within intestinal mucosa and upon TLR2/1 ligand polar-
isation.39,40 Concurrently, a developmental trajectory analysis of in-
flamed 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 spe-
cifically found in human inflammatory IBD tissue macrophages and 
neutrophils41 and is known to correspond to disease severity.42 Such 
S100A proteins can endogenously activate TLR4 and subsequently 

induce the NF-κB signalling pathway,43,44 which in turn upregulates 
CES1 expression in response to inflammatory stimuli.37 This can ex-
plain 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.35 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 macro-
phages 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 pha-
gocytes are essential to process antigens and induce T cell activa-
tion 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 expres-
sion 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 PU.1 
expression in murine macrophages and subsequently myeloid cell 
markers like CD11b and CD115 [c-fsm] following HDAC inhib-
ition.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 
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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 were 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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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 [0–3], 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, available as 
Supplementary data at ECCO-JCC online. 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 
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mononuclear myeloid cell differentiation in the colon. In conjunc-
tion, 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 mech-
anism 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 macro-
phages 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 inflam-
matory biomarker in this model53 indicative of less severe colonic 
inflammation. HDAC inhibitors are reported to modulate DC func-
tions, compromising T cell stimulatory capacity54 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 outcome of the two colitis models, may 
be attributed to their different predominant mechanisms driving 
inflammation.58 Earlier studies show that macrophage-DC deple-
tion 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, de-
pending on their phenotype or predominant subset.

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 sys-
tems, translating in vivo finding from murine studies to human 
should be done with care. A  potential explanation of less effi-
cacy 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 re-
fining 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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