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A B S T R A C T

The CCL20/CCR6 axis is implicated in the migration of CCR6+ immune cells towards CCL20, its sole ligand,

whose expression is increased during inflammatory processes and is known to play a pivotal role in triggering dif-

ferent autoimmune-mediated inflammatory diseases. Herein, we report a drug discovery effort focused on the de-

velopment of a new pharmacological approach for the treatment of inflammatory bowel diseases (IBDs) based on

small-molecule CCR6 antagonists. The most promising compound 1b was identified by combining in silico stud-

ies, sustainable chemistry and in vitro functional/targeted assays, and its efficacy was finally validated in a classic

murine model of colitis (TNBS-induced) and in a model of peritonitis (zymosan-induced). These data provide the

proof of principle that a pharmacological modulation of the CCL20/CCR6 axis may indeed represent the first step

for the development of an orally bioavailable drug candidate for the treatment of IBD and, potentially, other dis-

eases regulated by the CCL20/CCR6 axis.

© 20XX

1. Introduction

Chemokines are small potent chemoattractant cytokines that play a piv-

otal role in directing the movement of immune cells through the body

thanks to their binding to different chemokine receptors expressed on

the leukocyte membrane. More than 20 different chemokine receptors

(canonical and atypical) and over 45 different ligands have been de-

scribed in the literature [1] and there is considerable cross-talk within

this network as many chemokines are able to bind multiple receptors

and, conversely, receptors can bind multiple ligands. This promiscuity

and redundancy are the reason why these important chemokine targets

have met so far very limited success in delivering new drugs to the mar-

ket [2]. From this point of view, although small molecule chemokine re-

ceptor antagonists have failed to demonstrate clinical efficacy in in-

flammatory diseases [3], the receptor CCR6 and its ligand CCL20 are a
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rare example of an exclusive ligand-receptor relationship in both hu-

man and mouse, and represent therefore the ideal target for drug dis-

covery investigations [4,5]. From a physio-pathological point of view,

CCL20 is released significantly by immune and epithelial cells in in-

flammatory conditions and is involved in peripheral and mucosal im-

mune responses, promoting the recruitment of CCR6+ immune cells to-

wards effector sites [6]. As a result, the CCL20/CCR6 axis is purport-

edly implicated in the pathogenesis of several autoimmune diseases,

characterized by the altered migration and infiltration of leukocytes

into different types of tissues, like skin in psoriasis, joints in rheumatoid

arthritis, the central nervous system in multiple sclerosis and the gut in

inflammatory bowel diseases (IBDs) [7].

In particular, although the precise etiology of IBDs is still poorly de-

fined [8], a central role is played by the continuous recruitment of

leukocytes from the circulation to inflamed tissues, also mediated by

the CCL20/CCR6 pathway. Indeed, the expression of both CCR6 and its

partner chemokine CCL20 is reported to be dysregulated in the colonic

mucosa and serum of IBD patients [9–11] and their coding genes are

considered as susceptibility genes for IBD [12]. The key pro-

inflammatory role of the CCL20/CCR6 axis in IBD is further supported

by a series of preclinical and clinical studies showing that: i) anti-CCL20

https://doi.org/10.1016/j.ejmech.2022.114703
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neutralizing antibodies were able to protect against TNBS-induced coli-

tis, preventing neutrophils and T cells infiltration in the colon [13]; ii)
DSS-induced colitis was less severe in CCR6-knockout mice [14]; iii)
agents indirectly decreasing serum CCL20 levels apparently have a

therapeutic efficacy in IBD [15]. Overall, these data strongly suggest

that the CCL20/CCR6 axis is directly involved in IBD pathogenesis and

its modulation by small-molecules may represent an innovative and

highly sought therapeutic approach for IBD patients. In fact, the tolera-

bility and efficacy of current drugs (aminosalicylates, corticosteroids,

immunosuppressive agents and monoclonal antibodies) is limited, and

a substantial number of IBD patients fail to respond (40–55%) or to

fully remit (65–80%), while respondents can lose response over time

[16]. Moreover, the use of immunosuppressive and anti-TNF agents

may induce lymphoma and serious opportunistic infections. Therefore,

a number of small-molecules are currently under preclinical and clini-

cal development to identify new drugs able to maintain high efficacy

and limited side effects in all IBD patients [17,18]. In this picture, the

chemokine receptor CCR6 has long been.

considered a highly desirable target for anti-inflammatory drug dis-

covery purposes, but only a few small-molecule CCR6 antagonists have

been identified so far: to the best of our knowledge, 1,4-trans-

cyclohexane derivatives (e.g. Cpd35, Fig. 1) are the only CCR6 antago-

nists reported in a scientific journal [19], while other four chemotypes

(general structures I-IV) [20–23] have been patented by major Pharma

Companies (Fig. 1). However, none of these compounds has been ap-

proved for the treatment of diseases linked to the CCL20/CCR6 axis and

their application in the field of IBDs has never been pursued or claimed

for.

Based on the above premises, herein we report the combination of

virtual library generation, docking studies on a CCR6 homology model,

sustainable synthesis, in vitro functional assays and in vivo murine stud-

ies in a classic model of intestinal inflammation (TNBS-induced colitis)

and in a model of acute inflammation (zymosan-induced peritonitis), to

get a proof of principle on the druggability of the CCL20/CCR6 axis for

the treatment of IBDs.

2. Results and discussion

It is well known that, besides the signalling promiscuity, other ma-

jor hurdles to the identification of drugs targeting the chemokine sys-

tem are represented by the reductionist target-based assays to screen

modulators of a complex intracellular signaling and by the lack of effi-

cacy in significant in vivo models, we decided to combine in silico target-

based drug design (CCR6 antagonist) and in vitro functional assays

(blockage of CCL20-induced chemotaxis) to identify new small mole-

cules acting on the CCL20/CCR6 axis and get a proof of principle in a

mice model of IBD. It is in fact difficult to predict the specific molecular

mechanism of action (MMOA) that a first-in-class drug must trigger to

change a disease phenotype and the advantages presented by the phe-

notypic drug discovery (PDD) could benefit from in silico selection of

molecules based on a targeted MMOA hypothesis. This approach re-

minds what John Moffat named “mechanistic-informed PDD” (MIPDD):

the identification of inhibitors of known or hypothesized molecular tar-

gets by assessing their effects on a therapeutically relevant phenotype

[24].

At the time this study started, no X-Ray structure of CCR6 was avail-

able for in silico drug design and only recently a cryo-electron mi-

croscopy (cryo-EM) structure of the human chemokine receptor CCR6

bound to CCL20 and Go protein has been published by Pfizer, giving im-

portant insights on the mechanism of activation of this peculiar GPCR

[25]. To make a mechanistic-informed selection of potential disruptors

of the CCL20/CCR6 axis, we relied therefore on the homology model of

CCR6 in its inactive conformation available at the GPCR database

(GPCRdb) [26]. Then, instead of using widespread commercial libraries

of compounds for the in silico selection, we decided to build a large vir-

tual collection of synthetically accessible derivatives based on two dif-

Fig. 1. Graphical representation of the CCL20-induced chemotaxis of CCR6+ immune cells and chemical structure of known CCR6 antagonists blocking immune

cells chemotaxis.
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ferent multicomponent synthetic protocols previously set-up by our

group (MCR-1 [27] and MCR-2 [28], Scheme 1) to synthesize highly

functionalized benzofurane (1) and hydrazone (2) derivatives. In detail,

using MCR-1 and MCR-2 as input reactions, a series of suitable building

blocks (phenols + amines for MCR-1; aldehyde or ketones + 2-chloro

heterocycles for MCR-2) available in our stockroom were combined by

the software SmiLib v2.0.18 [29] to generate a virtual collection of

∼10000 fragment-size synthetically accessible derivatives around

chemotypes 1 and 2.

Despite the fact that docking studies cannot predict ligand affinities

with high accuracy [30], they represent a very useful tool to filter out

unlikely ligands and select the most promising compounds for prelimi-

nary biological evaluations. All virtual compounds were thus docked on

the orthosteric site located on the extracellular part of CCR6, using the

known CCR6 antagonist Cpd35 as a reference molecule to compare pre-

dicted binding modes and affinities. As shown in Fig. 2A, docking simu-

lations on Cpd35 showed two high affinity binding poses: 1) bound to

the chemokine recognition sites 1 (CRS1), in the lower energy binding

pose; and 2) bound to the chemokine recognition sites 2 (CRS2). The

docking poses of the top 50 ranked molecules were visually inspected,

and molecules binding CRS1 and CRS2 with a binding pose similar to

Cpd35 and with the highest affinity for each chemotype were selected:

compounds 1a and 2a were predicted as CRS2 binders while 1b and 2b
showed higher predicted affinity for CRS1 (Fig. 2).

Following the MCR-1 protocol, compounds 1a and 1b were synthe-

sized by heating a mixture of the opportune aniline, chloroacetyl chlo-

ride and 2′-hydroxacetophenone in dry DMF under microwave irradia-

tion at 140 °C for 5 min, in the presence of Cs2CO3 as a base. On the

Scheme 1. Reagents and conditions: i. Cs2CO3, DMF, μW, 160 °C, 5 min; ii. hydrazine monohydrate, l-proline, toluene, μW, 300 W, 15 min; iii. 2-chloroquinoline, t-

BuONa, Pd(OAc)2, DavePhos, toluene, μW, 150 °C, 10 min.

Fig. 2. Prediction of binding modes from docking studies on CCR6 homology model. A) Top ranking binding modes of Cpd35 within CRS1 and CRS2; B-E) Docking

poses of top ranking compounds 1a/2a within CRS2 and 1b/2b within CRS1. Key residues are depicted as sticks, hydrogen bonds are reported as dotted yellow

lines, TXP motif in panels E, D is reported as purple lines.
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other hand, compounds 2a and 2b were prepared by following the

MCR-2 protocol: a mixture of the opportune acetophenone and hy-

drazine monohydrate in toluene was irradiated at 300 W in a mi-

crowave tube for 15 min in the presence of a catalytic amount of l-

proline; 2-chloroquinoline and t-BuONa were then added and the mix-

ture was irradiated at 150 °C for 10 min in the presence of

Pd(OAc)2/DavePhos.

The cytotoxic effect of the synthesized compounds was then evalu-

ated in CCR6+ CD4+ T cells obtained from 2 healthy individuals (sam-

ple 1 and 2, Fig. 3B) to determine the highest safe concentration to be

used in functional assays: even if 1a,b and 2b did not show significative

cytotoxicity up to 100 μM (Supporting information; Figs. S1–S3), we

decided to use 50 μM as the maximum tolerated concentration for all

compounds in the following assays. Compounds 1a,b/2a,b were exam-

ined for their functional ability to suppress the CCL20-induced recruit-

ment of CCR6+ cells through a transwell chemotaxis assay:

CCR6+CD4+ T cells were seeded into the upper chamber of 96-well

transwell plates and 500 ng/ml CCL20 was added to the lower cham-

ber. The CCL20-induced migration of cells towards the lower chamber

was evaluated in the absence and in the presence of the compounds

1a,b/2a,b (0.5-5-50 μM) incubated for 3 h (Fig. 3A). Migration index

was calculated by the number of cells that migrated in response to

CCL20 divided by the number of cells that migrated to the lower cham-

ber in the absence of the chemokine (Fig. 3B). Results showed that com-

pound 1b was able to block the CCL20-induced CD4+ T cell migration

from both samples at 50 μM concentration, while compound 2b had a

similar effect only on sample 2.

Even if only a small set of molecules was evaluated, these results

seem to suggest that a functional disruption of the CCL20/CCR6 axis

could be achieved only by those molecules (1b and 2b) targeting the

minor binding pocket of CCR6 (CRS1). This hypothesis seems to be in

line with the insights on the unique activation mechanism of CCR6 pro-

vided by the Pfizer cryo-EM structure [25], showing CCL20 binding

only to a shallow extracellular pocket on CRS1 while other class A

GPCRs require deeper agonist-binding and partial intervention of CRS2

according to the classic two-step binding mechanism of activation. In

addition, the TXP motif on transmembrane domain II (TM-II) of

chemokine receptor and the electrostatic charge around these residues

are known to play a key role in receptor activation [31]. Thus, the pre-

dicted binding mode of 1b to the shallow CRS1 pocket in close proxim-

ity to the TXP motif may thus account for the experimental disruption

of the CCL20/CCR6 axis.

To verify that the functional effect of 1b was due to the interaction

with CCR6, a Nanoluciferase-based complementation assay was used to

evaluate the β-arrestin and miniGi protein recruitment under the effect

of this compound. In this assay, a small part of Nanoluciferase (called

SmallBiT) is fused to the CCR6 receptor and the other larger part

(LargeBiT) is fused to the intracellular effectors β-arrestin or miniGi,

which is an engineered GTPase domain of Gα subunit. β-arrestin (or

miniGi) recruitment to the receptors, induced by CCL20 and/or 1b, is

monitored in HEK293T cells by NanoLuc complementation assay

(NanoBiT, Promega) and can be used to quantify the effect of both ago-

nists and antagonists. In the presence of a CCR6 agonist, β-arrestin or

miniGi is recruited to the receptor, which then due do the proximity of

the receptor and the effector (and so of SmBiT and LgBiT) allows

Nanoluciferase complementation leading to the emission of lumines-

cent signal directly proportional to the agonist activity of the ligand

(Fig. 4A). On the other hand, testing of molecules in the antagonist

mode is performed in the presence of a fixed concentration of the ago-

nist (CCL20 at 10 nM; considered as 100% response) and the inhibitory

activity of any CCR6 antagonist competing with CCL20 is expressed as

percentage of the response obtained with the full agonist (Fig. 4B). As

shown in Fig. 4, compound 1b did not show any agonist effect on CCR6

at all tested concentrations but it showed a clear antagonist effect on

both β-arrestin and miniGi recruitment, thus supporting the MMOA that

led to the observed inhibition of chemotaxis.

Despite the great opportunity offered by CCR6 for the development

of small-molecules blocking its peculiar activation mechanism trig-

gered by CCL20, other chemokine receptors (e.g. CCR9, CXCR3, CX-

CR4, CCR5) have been deeply investigated for the treatment of IBDs,

leading to different preclinical candidates but no approved drugs so far

[32]. Since the development of highly specific ligands is generally quite

challenging and considering that the inhibition of multiple targets may

sometimes be planned (multi-target drug discovery) or found responsi-

ble for the desired pharmacological effect even post-approval (e.g. anti-

cancer kinase inhibitors), we decided to evaluate the effect of com-

pound 1b on another target under study for IBDs: the chemokine recep-

tor CCR5. As shown in Fig. 4, compound 1b did not show an agonist ac-

tivity but, as in the case of CCR6, it antagonized β-arrestin recruitment

to CCR5 at high micromolar concentrations. However, only a few stud-

ies on the role of the CCL5/CCR5 axis in IBDs have been reported so far

[33], while the CCL20/CCR6 axis can be considered a well validated

approach for IBDs and its modulation with compound 1b has provided

promising functional data (Fig. 3).

Fig. 3. Chemotaxis assay. A) Overview of the experiment set-up. B) Effect of compounds 1a,b/2a,b in CCL20-induced CCR6+CD4+ T cell migration. Cells

counted in combination with Count Bright absolute counting beads (Life Technologies). Medium and CCL20 (500 ng/ml) controls were tested in triplicate and

compounds tested in duplicate.
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Fig. 4. Ligand-induced activity monitored by Nanoluciferase-complementation-based assays. A) miniGi recruitment to CCR6 induced by compound 1b
(30 nM–300 μM) and β-arrestin-1 recruitment to CCR6 and CCR5 induced by compound 1b (30 nM–300 μM). CCL20 and CCL5 (30 pM–300 nM) were used as

positive control (blue lines). B) Antagonist activity of compound 1b evaluated by its ability to inhibit miniGi recruitment to CCR6 induced by CCL20 (10 nM) and

β-arrestin-1 recruitment to CCR6 and CCR5 by CCL20 (10 nM) and CCL5 (5 nM), respectively.

For this reason, although compound 1b presented a moderate activ-

ity, its clear effect in blocking the CCL20-induced chemotaxis of

CCR6+CD4+ T cell prompted us to study the effect of this compound in

in vivo models of colitis and peritonitis to get a proof of principle on its

efficacy against intestinal inflammation. It is in fact known that the ex-

perimental colitis induced in mice by instillation of 2,4,6-

trinitrobenzene sulfonic acid (TNBS) is characterized by increased

colonic levels of CCL20 with consequent recruitment of CCR6+ im-

mune cells and represents therefore a suitable in vivo model to evaluate

the effect of CCL20/CCR6 modulators [12].

Colitis was thus induced in Swiss mice (n = 6–8/group) by enema

(i.r.) administration of 5mg/mouse TNBS in 50% ethanol 6 days after

skin sensitization. Compound 1b at 1 mg/kg or vehicle were subcuta-

neously (s.c.) applied twice daily for 3 days after TNBS challenge. Sham

mice received saline 50 μL i.r. and 10 mL/kg s.c. Disease Activity Index

(DAI), scoring the severity of colitis, macroscopic score, expressing the

degree of colonic mucosal injury, and myeloperoxidase activity (MPO)

in colon and lungs, marker of leukocyte recruitment, were determined.

Compared to the sham group, TNBS mice showed a significantly higher

value of DAI, due to both body weight loss and softening of stools, along

with a remarkable damage of the mucosa. Colonic and pulmonary

myeloperoxidase (MPO) activity strongly augmented upon colitis in-

duction, indicating a conspicuous enrolment of granulocytes within tis-

sues. Daily treatment with compound 1b 1 mg/kg improved mice gen-

eral conditions, attenuated macroscopic injury and counteracted neu-

trophils infiltration, both in the colon and in lungs (Fig. 5).

Considering the promising results obtained in the TNBS-induced

colitis model, we decided to assess the versatility of 1b by evaluating its

efficacy in zymosan-induced peritonitis, a model of acute inflammation

linked to the CCL20/CCR6 axis [34].

Intraperitoneal injection of zymosan produced the massive recruit-

ment of neutrophils into the peritoneal cavity (Fig. 6A), a remarkable

augmentation of total proteins in the peritoneal fluid (Fig. 6B) and of

myeloperoxidase activity (Fig. 6C). Compound 1bwas not able to atten-

uate the zymosan-induced flogistic response when administered once;

however, the double treatment (1 mg/kg before and after zymosan

treatment) significantly reduced the total protein content and

myeloperoxidase activity in the peritoneal lavage, showing anti-

inflammatory effects comparable to those of the potent agent dexam-

ethasone, and similarly to the results collected in TNBS-induced colitis,

where the protective action emerged following a double daily treat-

ment (Fig. 6).

3. Conclusion

Up to date, a number of studies on autoimmune-mediated inflam-

matory disease models have demonstrated the protective effect induced

by a negative interference with the CCL20/CCR6 axis, which can be

achieved by administration of anti-CCL20 mAbs or using CCR6− /−
mice [12–14]. Further insights in the druggability of the CCL20/CCR6

axis have been obtained by using anti-CCR6 mAbs in mouse models of

experimental autoimmune encephalomyelitis (EAE) and psoriasis, re-

sulting in the prevention of leukocytes’ infiltration and attenuation of

clinical symptoms [35]. However: i) mAbs present several drawbacks

for wide clinical application; ii) only a few small-molecule CCR6 antag-

onists have been identified so far; iii) no CCR6 antagonists have been

approved yet for the treatment of diseases linked to the CCL20/CCR6

axis; iv) the application of CCR6 antagonists in the field of IBDs has

never been pursued or claimed for.

Up to now, only one anti-CCL20 mAb (GSK3050002), selectively in-

hibiting the recruitment of CCR6+ T cells, has been evaluated in phase

I clinical trial while a phase II trial in psoriatic arthritis initiated in 2016

was withdrawn shortly thereafter [36,37]. Despite the fact that other

anti-CCL20 mAbs are under study for different diseases connected to a

dysregulation of the CCL20/CCR6 axis, major drawbacks of mAbs are

their high costs, poor compliance and convenience related to the par-

enteral route of administration and immunogenicity after long-term

treatment.
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Fig. 5. Effects of compound 1b on TNBS-induced inflammatory responses. Disease Activity Index (A), macroscopic score (B), colonic MPO (C) and lung MPO (D)

activity assessed in vehicle-treated sham mice (Sham) and in TNBS-treated mice administered with vehicle (TNBS) and compound 1b 1 mg/kg (TNBS+1b).

*P < 0.05 vs. sham mice; #P < 0.05 vs. TNBS mice; one-way or two-way ANOVA followed by Bonferroni's post-test.

Based on these premises, the present study reports the application of

a mechanistic-informed PDD approach to identify novel modulators of

the CCL20/CCR6 axis as first-in-class inhibitors for IBDs. Starting from

a homology model of inactive CCR6, a virtual combinatorial library

(VCL) of synthetically accessible derivatives (based on in house MCR

protocols) has been generated and docked on the extracellular portion

of CCR6. Using the known CCR6 antagonist Cpd15 as a reference for the

docking studies, four top ranked compounds 1a,b/2a,b were selected

from the VCL and synthesized by application of sustainable MCR proto-

cols. A phenotypic screening based on CCL20-induced chemotaxis of

CCR6+CD4+ T cells identified compound 1b as the most promising

candidate in disrupting the CCL20/CCR6 axis by acting as antagonist of

CCR6, as observed in a subsequent nanoluciferase complementation as-

say. Finally, the collected in vivo data showed that compound 1b was

able to improve health conditions and to prevent colon and systemic

neutrophils recruitment in a classic murine model of colitis induced by

TNBS instillation and effective in attenuating the inflammatory re-

sponse triggered by zymosan intraperitoneally injected.

Considering that the TNBS-induced colitis is a subacute model of in-

testinal inflammation, characterized by the primary activation of the

adaptive immunity [38], whereas the acute peritoneal inflammation in-

duced by zymosan is associated with strong innate immune responses

involving neutrophils chemotaxis [39], our collected data show for the

first time that it is possible to use a small-molecule (1b) to modulate

lymphocytes response and neutrophils migration by negatively interfer-

ing with the CCL20/CCR6 axis.

This work represents therefore a first step in the development of an

innovative therapeutic approach for the treatment of IBDs, which may

lead to an orally bioavailable drug candidate in the future. Further stud-

ies on the optimization of compound 1b are currently ongoing and will

be reported in due course.

4. Experimental section

4.1. Chemistry

General. All commercially available chemicals were purchased

from Merck or Fluorochem and, unless otherwise noted, used without

any previous purification. Solvents used for work-up and purification

procedures were of technical grade. TLC was carried out using Merck

TLC plates (silica gel on Al foils, SUPELCO Analytical). Where indi-

cated, products were purified by silica gel flash chromatography on

columns packed with Merck Geduran Si 60 (40–63 μm). 1H and 13C

NMR spectra were recorded on BRUKER AVANCE 300 MHz and

BRUKER AVANCE 400 MHz spectrometers. Chemical shifts (δ scale)

are reported in parts per million relative to TMS. 1H NMR spectra are

reported in this order: multiplicity and number of protons; signals

were characterized as: s (singlet), d (doublet), dd (doublet of dou-

blets), ddd (doublet of doublet of doublets), t (triplet), m (multiplet),

bs (broad signal). Low resolution mass spectrometry measurements

were performed on quattromicro API tandem mass spectrometer (Wa-

ters, Milford, MA, USA) equipped with an external APCI or ESI ion

source. ESI-mass spectra are reported in the form of (m/z). Elemental

analyses were performed on a ThermoQuest (Italia) FlashEA 1112 Ele-

mental Analyzer. All final compounds were >95% pure as determined

by elemental analysis. data for C, H, and N (within 0.4% of the theo-

retical values).

Microwave Irradiation Experiments. Microwave reactions were

conducted using a CEM Discover Synthesis Unit (CEM Corp.,

Matthews, NC). The machine consists of a continuous focused mi-

crowave power delivery system with an operator-selectable power

output from 0 to 300 W. The temperature inside the reaction vessel

was monitored using a calibrated infrared temperature control

mounted under the reaction vessel. All experiments were performed
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Fig. 6. Effects of compound 1b on zymosan-induced peritonitis. Neutrophils count (A), total proteins content (B) and myeloperoxidase activity (C) detected

in the peritoneal lavage of vehicle-treated sham mice (Sham) and zymosan-treated mice administered with vehicle (ZYMO), compound 1b 1 mg/kg (1b), com-

pound 1b 1 mg/kg double injection (1b-D), and dexamethasone 3 mg/kg (Dexa). *P < 0.05 vs. sham mice; #P < 0.05 vs. ZYMO mice; one-way ANOVA fol-

lowed by Bonferroni's post-test.

using a stirring option whereby the reaction mixtures were stirred by

means of a rotating magnetic plate located below the floor of the mi-

crowave cavity and a Teflon-coated magnetic stir bar in the vessel.

4.2. General procedure for the synthesis of benzofuran-2-carboxamides

In a microwave tube 3-F aniline or 4-CF3 aniline (0.54 mmol),

chloroacetyl chloride (42 μL; 0.54 mmol) and 2′-hydroxacetophenone

(0.42 mmol) were added to dry DMF cooled to 0 °C. Cs2CO3 (439 mg,

1.35 mmol) was added and the tube was heated at 160 °C for 5 min

(max μW power input: 200 W; ramp time: 1 min; reaction time: 5 min;

power max: off; maximum pressure: 190 psi). At the end of the irradia-

tion, H2O and ethyl acetate were added. The organic phase was washed

with an aqueous solution of LiCl (5%), brine, dried over Na2SO4 and

concentrated under vacuum. The crude was purified by flash chro-

matography, using petroleum ether/diethyl ether 95/5 as eluent.

N-(3-fluorophenyl)-3-methylbenzofuran-2-carboxamide (1a):
Yield: 25%; MS (ESI) [M+H]+ = 270.3 m/z, [M+Na]+ = 292.4 m/

z; 1H NMR (CDCl3 400 MHz): δ 2.68 (s, 3H); 6.87 (t, 1H, J = 8 Hz);

7.35 (m, 3H); 7.49 (m, 2H); 7.65 (d, 1H, J = 8Hz); 7.72 (m, 1H); 8.41

(s, 1H); 13C NMR (CDCl3 100 MHz): δ 9.05; 107.37; 111.59; 115.15;

121.12; 123.42; 124.30; 127.62; 130.10; 130.19; 138.97; 141.99;

153.26; 158.04; 161.84; 164.27. mp (104–105 °C).

3-methyl-N-(4-(trifluoromethyl)phenyl)benzofuran-2-
carboxamide (1b): Yield: 30%; MS (ESI) [M+H]+ = 320.3 m/z,

[M+Na]+ = 342.4 m/z; 1H NMR (CDCl3 400 MHz): δ 2.69 (s, 3H);

7.35 (m, 1H); 7.49 (m, 2H); 7.64 (m, 3H); 7.85 (d, 2H, J = 9Hz); 8.49

(bs, 1H); 13C NMR (CDCl3 100 MHz): δ 9.11; 111.65; 119.48; 121.23;

122.76; 123.53; 124.75; 125.76; 126.38; 127.80; 129.74; 140.59;

141.88; 153.34; 158.16. mp (164–165 °C).

4.3. General procedure for the synthesis of quinoline-hydrazone derivatives

2-hydroxy acetophenone or 3-(trifluoromethyl) acetophenone

(0.73 mmol), hydrazine monohydrate (0.73 mmol), l-proline

(0.15 mmol) and 1 mL of anhydrous toluene were placed in a dried

10 mL microwave tube equipped with a magnetic stir bar and a septum,

and the colourless mixture was irradiated at 300 W for 15 min in the

microwave apparatus (maximum pressure: 250 psi; maximum tempera-

ture: 200 °C; power max: off; stirring: on). Subsequently, 2-

chloroquinoline (0.61 mmol) and t-BuONa (0.98 mmol) were added,

and the tube was flushed with argon for 1 min. Then, 1 mL of a stock

solution of the catalyst [Pd(OAc)2 (27.0 mg; 0.12 mmol) plus DavePhos

(96 mg, 0.24 mmol) in anhydrous toluene (10 mL) stored under argon

atmosphere] was added and the resulting mixture was stirred and

flushed with argon for additional 2 min. Next, the tube was heated un-

der microwave irradiation at 150 °C for 10 min (max μW power input:

300 W; maximum pressure: 250 psi; power max: off; stirring: on). After

cooling to room temperature, the dark red reaction mixture was filtered

over celite, and the resulting solution was evaporated under reduced

pressure. The residue was purified by silica gel flash chromatography

from 9/1 to 7/3 petroleum ether/ethyl acetate as eluent.

(E)-2-(1-(2-(quinolin-2-yl)hydrazineylidene)ethyl)phenol (2a):
Yield: 48%; MS (ESI) [M+H]+ = 278.4 m/z; 1H NMR (CDCl3
300 MHz): δ 2.44 (s, 3H); 6.93 (t, 1H, J = 6 Hz); 7.05 (d, 1H,

J = 6 Hz); 7.30–7.39 (m, 4H); 7.50 (d, 1H, J = 6 Hz); 7.65 (t, 1H,

J = 6 Hz); 7.74–7.76 (m, 2H); 8.11 (d, 1H, J = 6Hz); 13C NMR

(CDCl3 100 MHz): δ 29.72; 108.91; 117.47; 119.07; 119.84; 123.76;

124.93; 126.12; 127.23; 127.83; 130.37; 130.57; 139.16; 146.81;

149.65; 154.44; 158.08.

(E)-2-(2-(1-(3-(trifluoromethyl)phenyl)ethylidene)
hydrazineyl)quinoline (2b): Yield: 65%; MS (ESI)
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[M+H]+ = 330.12 m/z; 1H NMR (CDCl3 300 MHz): δ 2.25 (s, 3H);

6.92 (m, 1H); 7.32 (t, 1H, J = 6 Hz); 7.49 (t, 1H, J = 6 Hz);

7.59–7.64 (m, 2H); 7.68–7.77 (m, 2H); 7.95 (d, 1H, J = 6 Hz); 8.06

(m, 2H); 8.68 (bs, 1H); 13C NMR (CDCl3 100 MHz): δ 29.74; 109.92;

122.43; 123.44; 124.79; 125.14; 126.04; 126.27; 127.82; 128.84;

130.00; 130.59; 131.02; 138.47; 139.39; 141.63; 147.0; 155.70.

5. Molecular modeling

The virtual combinatorial library (VCL) of compounds around MCR-

1 and MCR-2 was generated with SmiLib v2.0, available as a Java exe-

cutable from http://melolab.org/smilib/and enabling the combinator-

ial generation of structures 1 and 2 from inputted in house available

building blocks. The input and output structures were encoded as

SMILES. The resulting VCL of synthetically accessible derivatives was

geometry optimized using the MMFF94 force field [40] (conjugated

gradient, convergence criteria of 1 × 10− 6 or a maximum of 5000 itera-

tions) with OpenBabel 2.3.2 software [41]. Also, non-polar hydrogens

were removed from the ligands and Gasteiger charges were assigned

employing OpenBabel 2.3.2 software.

Docking studies were performed with Autodock Vina [42] through

PyRx [43], while PyMol [44] was used to visualize the results. Docking

runs were performed within a 70 Å × 70 Å × 70 Å cubic box sur-

rounding the CCR6 ortosteric pocket. A search exhaustiveness of 10 was

used and only conformers corresponding to the best scoring docking

pose of those compounds from the VCL that achieved a ΔG dock-

ing ≤ − 8.0 kcal/mol were selected.

6. Biology

6.1. In vitro assays

6.1.1. Human memory CD4+ T cells
Peripheral blood mononuclear cells (PBMC) were isolated from

buffy coats from healthy individuals that were obtained from Sanquin

Blood Bank (Rotterdam, the Netherlands). PBMC were isolated using a

Ficoll-gradient and stained with monoclonal antibodies against

CD45RO (clone UCHL1), CD4 (clone RPA-T4) (all BD Biosciences, San

Diego, CA, USA), CD3 (clone UCHT1) (BioLegend, San Diego, CA, USA)

as appropriate in 0.5% BSA + 2 mM EDTA in PBS. From isolated

PBMC, memory CD4+ T cells were selected using a Memory CD4+ T

Cell Isolation Kit (Miltenyi Biotec) according to standard protocols.

Separation of memory CD4+ T cells was performed with an autoMACS

Pro Separator (Miltenyi Biotec). Purity of sorted memory CD4+ T cells

is over 95% by this method.

6.1.2. Toxicity assay
20 × 104 memory CD4+ T cells were cultured with or without dif-

ferent doses of CCR6 compounds (5-50-100-200-500 μM) for 3 h incu-

bation at 37 °C and 5% CO2. Cells were stained for annexin and propid-

ium iodide and the percentage of viable cells were measured on a FAC-

SCantoII Flow Cytometer.

6.1.3. Chemotaxis assay
20 × 104 memory CD4+ T cells were seeded into the upper cham-

ber of 96-well transwell plates with a 5.0 μm pore polycarbonate mem-

brane (Corning, New York, NY, USA) in migration medium (Iscove's

Modified Dulbecco's Medium supplemented with 2 mM L-glutamin,

100 U/ml penicillin/streptomycin (Lonza, Verviers, Belgium), 50 μM β-

mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), and for decreas-

ing background migration 0.5% bovine serum albumin instead of 10%

fetal calf serum). Migration medium with or without CCR6 compounds

(0.5-5-50 μM) or 500 ng/ml CCL20 (R&D Systems, Minneapolis, MN,

USA) was added to the lower chamber. Cells and compounds were pre-

incubated for 15 min at 4°. Each condition was run in duplicate or trip-

licate. After 3 h incubation at 37 °C and 5% CO2, migrated cells were

counted using CountBright beads (Invitrogen, Waltham, MA, USA) on a

FACSCantoII Flow Cytometer. The migration index was calculated by

the number of cells that migrated in response to the chemokine divided

by the number of cells that migrated to standard migration medium.

6.1.4. Nanoluciferase-based complementation assay
HEK293T cells were purchased from ATCC and were grown in

DMEM +10% fetal bovine serum (FBS) and penicillin/streptomycin

(100 Units/ml and 100 μg/ml). CCL20 was purchased from PeproTech.

Ligand-induced β-arrestin-1 or miniGi protein recruitment to CCR6 and

CCR5 was monitored by Nanoluciferase complementation assay

(NanoBiT; Promega) as previously described (ref) [45–47]. HEK-293T

cells were co-transfected with pNBe vectors encoding CCR6 and CCR5

C-terminally tagged with SmBiT and human β-arrestins or miniGi pro-

tein (engineered GTPase domains of Gαi subunits) [48] N-terminally

tagged with LgBiT. 24 h after transfection, cells were harvested and in-

cubated for 15 min at 37 °C with Coelenterazine h (Regis Technolo-

gies). 105 cells/well were then distributed into white 96-well plates. To

evaluate agonist activity, β-arrestin and miniGi recruitment to the re-

ceptor induced by compound 1b (30 nM–300 μM) was measured for

20 min with a Mithras LB940 microplate reader (Berthold Technolo-

gies). CCL20 (30 pM–300 nM) was used as positive control. To evaluate

1b antagonist activity, cells were subsequently incubated with CCL20

(10 nM) or CCL5 (5 nM) and the inhibition of chemokine-induced β-

arrestin and miniGi recruitment to the CCR6 and CCR5 receptors was

monitored.

7. In vivo studies

7.1. Animals

All animal experiments were performed according to the guidelines

for the use and care of laboratory animals and they were authorized by

the local Animal Care Committee “Organismo Preposto al Benessere

degli Animali” and by Italian Ministry of Health, “Ministero della

Salute” (DL 26/2014). All appropriate measures were taken to mini-

mize pain or discomfort of animals. Female CD1 Swiss mice (7–12

weeks old) (Charles River Laboratories, Calco, Italy), weighing 25–30g,

were housed five per cage and maintained under standard conditions at

our animal facility (12:12 h light–dark cycle, water and food ad libitum,

22–24 °C). All the experimental procedures (induction of colitis, zy-

mosan-induced peritonitis) and euthanasia by CO2 inhalation were per-

formed between 9 a.m. and 2 p.m.

7.2. TNBS-induced colitis

Six days before intrarectal (i.r.) instillation, animals were subjected

to skin sensitization through cutaneous application of 50 μL of a 10%

(w/v) 2,4,6-trinitrobenzene sulfonic acid (TNBS) solution in 50%

ethanol. After 20 h fasting with free access to water containing 5% glu-

cose, colitis was induced by i.r. instillation of the same volume and con-

centration of TNBS applied during skin sensitization [49]. TNBS instil-

lation was performed using a PE50 catheter, positioned 4 cm from the

anus, in anaesthetized mice (isoflurane 2%) kept in the head-down po-

sition for 3 min to avoid the leakage of intracolonic instillate.

Mice were assigned through block randomization to the sham group

(n = 6), i.r. inoculated with 50 μL 0.9% NaCl (saline solution) and ad-

ministered s.c. 10 mL/kg vehicle (DMSO 1% in saline solution), or to

the following experimental groups of colitic mice: TNBS group, receiv-

ing vehicle 10 mL/kg (n = 8); TNBS+1b mice, receiving compound 1b
at 1 mg/kg (n = 12) Compound 1b or the vehicle was subcutaneously

administered twice daily, 8 h apart, starting from day 1, after TNBS en-

ema, to day 4, when mice were euthanized by CO2 inhalation.
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7.2.1. Evaluation of inflammatory responses
Body weight, stools consistency and rectal bleeding were examined

and registered daily throughout the experimentation by unaware ob-

servers, in order to assess the disease activity index (DAI). Immediately

after euthanasia the macroscopic damage of colonic mucosa was as-

sessed as macroscopic score. Colon and lungs were collected for subse-

quent myeloperoxidase activity assay.

7.2.2. Disease activity index (DAI)
DAI is a parameter that estimates the severity of the disease; it con-

sists on the daily assignment of a total score, according to Cooper's

modified method [50], on the basis of body weight loss, stool consis-

tency and rectal bleeding. The scores were attributed blindly by two in-

vestigators and were quantified as follows: stool consistency: 0 (nor-

mal), 1 (soft), 2 (liquid); body weight loss: 0 (<5%), 1 (5–10%), 2

(10–15%), 3 (15–20%), 4 (20–25%), 5 (>25%) and rectal bleeding: 0

(absent), 1 (present).

7.2.3. Colon macroscopic damage score (MS)
After euthanasia, the colon was explanted, opened longitudinally,

flushed with saline solution and MS was immediately evaluated

through inspection of the mucosa, executed by two investigators un-

aware of the treatments applied. MS was determined according to pre-

viously published criteria (Giorgio et al., 2021), as the sum of scores

(max = 14) attributed as follows: presence of strictures and hyper-

trophic zones (0, absent; 1, 1 stricture; 2, 2 strictures; 3, more than 2

strictures); mucus (0, absent; 1, present); adhesion areas between the

colon and other intra-abdominal organs (0, absent; 1, 1 adhesion area;

2, 2 adhesion areas; 3, more than 2 adhesion areas); intraluminal hem-

orrhage (0, absent; 1, present); erythema (0, absent; 1, presence of a

crimsoned area <1 cm [2]; 2, presence of a crimsoned area >1 cm2);

ulcerations and necrotic areas (0, absent; 1, presence of a necrotic area

<0.5 cm2; 2, presence of a necrotic area >0.5 cm2 and <1 cm2; 3,

presence of a necrotic area >1 cm2 and <1.5 cm2; 4, presence of a

necrotic area >1.5 cm2).

7.2.4. Colonic and pulmonary myeloperoxidase (MPO) activity assay
MPO activity, marker of tissue granulocytic infiltration, was deter-

mined according to Ivey's modified method [51]. After being weighed,

each colonic or lung sample was homogenized in ice-cold 0.02 M

sodium phosphate buffer (pH 4.7), containing 0.015 M Na2EDTA and

1% Halt Protease Inhibitor Cocktail (ThermoFisher Scientific), and cen-

trifuged for 20 min at 12500 RCF at 4 °C. Pellets were re-homogenized

in four volumes of ice-cold 0.2 M sodium phosphate buffer (pH 5.4)

containing 0.5% hexadecylthrimethyl-ammoniumbromide (HTAB) and

1% Halt Protease Inhibitor Cocktail (ThermoFisher Scientific). Samples

were then subjected to three cycles of freezing and thawing and cen-

trifuged for 30 min at 15500 RCF at 4 °C. 50 μL of the supernatant was

then allowed to react with 950 μL of 0.2 M sodium phosphate buffer,

containing 1.6 mM tetramethylbenzidine, 0.3 mM H2O2, 12% dimethyl

formamide, 40% Dulbecco's phosphate buffered saline (PBS). Each as-

say was performed in duplicate and the rate of change in absorbance

was measured spectrophotometrically at 690 nm (TECAN Sunrise™
powered by Magellan™ data analysis software, Mannedorf, Switzer-

land). 1 unit of MPO was defined as the quantity of enzyme degrading

1 μmol of peroxide per minute at 25 °C. Data were normalized with

edema values [(wet weight-dry weight) dry weight− 1] [52] and ex-

pressed as U/g of dry weight tissue.

7.3. Zymosan-induced peritonitis

The experiments were performed in mice fasted 2h before zymosan

A injection, but with free access to water. Peritonitis was induced fol-

lowing a modification of Thurmond's method (2004), by injecting into

the peritoneal space of mice 5 mg/mL zymosan A in PBS (final volume

0.2 mL). Mice were assigned through block randomization to the sham

group (sham) (n = 9), i.p. injected with PBS (0.2 mL) and administered

s.c. vehicle (DMSO 1% in saline solution; 10 mL/kg), or to the following

experimental groups of mice, receiving subcutaneously the treatment in

study, injected 1h before zymosan: control group (ZYMO), receiving ve-

hicle 10 mL/kg s.c. (n = 19); 1b group, receiving compound 1b 1 mg/

kg s.c. (n = 8); 1b-D group, receiving compound 1b 1 mg/kg adminis-

tered twice s.c., 1h before and 2h after zymosan injection (n = 5); Dexa

group, receiving dexamethasone 3 mg/kg s.c. (n = 5). 4h after zy-

mosan administration, mice were euthanized: the peritoneal cavity was

washed with 3 mL of PBS containing 3 mM EDTA and 25 U/ml heparin

and the volume collected with automatic pipettes. The peritoneal

lavage was centrifuged at 400 RCF for 15 min at 4 °C to collect the cells.

The protein content of the supernatant was spectrophotometrically de-

termined following the bicinchonate method with a commercial kit

(Pierce, BCA protein assay kit) and expressed as mg/mL of the peri-

toneal fluid, while the pellet was used for the determination of

myeloperoxidase activity, according to the method previously de-

scribed and expressed as mU/mL of the peritoneal lavage, or suspended

in cell staining buffer (PBS containing 0.5% fetal calf serum (FCS) and

0.1% sodium azide and subjected to flow cytometry assays.

7.3.1. Flow cytometry assays
7.3.1.1. Immunofluorescent staining. Prior to staining with antibodies,

200 μL of the suspension of peritoneal cells was incubated with IgG1-Fc

(1 μg/106 cells) for 10 min in the dark at 4 °C to block non-specific

binding sites for antibodies. The following antibodies were used for flu-

orescent staining: PerCP anti-mouse Ly-6G (0.25 μg/106 cells), FITC

Anti-mouse F4/80 (0.25 μg/106 cells). Cells were incubated with anti-

bodies for 1 h in the dark at 4 °C, washed with PBS to remove excessive

antibody and suspended in cell staining buffer to perform flow cytome-

try analysis. The viability of the cellular suspension was determined

through propidium iodide (PI) staining as above indicated. Only PI− ve

cells were included in the analysis. Samples were analysed using In-

Cyte™ software (Merck Millipore, Darmstadt, Germany). Neutrophils

were defined as Ly-6G+F4/80- cells and their number was determined

per ml of peritoneal lavage.

7.4. Materials

TNBS, DSS, zymosan A, dexamethasone, ethanol, HTAB, 30% hy-

drogen peroxide, tetramethylbenzidine were purchased from Sigma

Aldrich™ (St. Louis, MO). PerCP anti-mouse Ly-6G, FITC anti-mouse

F4/80, propidium iodide were purchased from BioLegend™ (San

Diego, CA, USA), and IgG1-Fc from Millipore™ (Merck, Darmstadt,

Germany). Drugs were dissolved in saline solution containing DMSO

1% the day of the experiment.

7.5. Statistics

All data were presented as mean ± SEM. Comparison among exper-

imental groups were made using analysis of variance (one-way or two-

way ANOVA) followed by Bonferroni's post-test, when P < 0.05, cho-

sen as level of statistical significance, was achieved. Non-parametric

Kruskal-Wallis analysis, followed by Dunn's post-test, was applied for

statistical comparison of MS. All analyses were performed using Prism 9

software (GraphPad Software Inc. San Diego, CA, USA).
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