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A B S T R A C T

Leukocyte transendothelial migration is one of the most important step in launching an inflammatory immune
response and chronic inflammation can lead to devastating diseases. Leukocyte migration inhibitors are con-
sidered as promising and potentially effective therapeutic agents to treat inflammatory and auto-immune dis-
orders. In this study, based on previous trioxotetrahydropyrimidin based integrin inhibitors that suboptimally
blocked leukocyte adhesion, twelve molecules with a modified scaffold were designed, synthesized, and tested in
vitro for their capacity to block the transendothelial migration of immune cells. One of the molecules, namely,
methyl 4-((2-(tert-butyl)-6-((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene) methyl) phenoxy) methyl)
benzoate, (compound 12), completely blocked leukocyte transendothelial migration, without any toxic effects
on immune or endothelial cells (IC50= 2.4 µM). In vivo, compound 12 exhibited significant therapeutic effects in
inflammatory bowel disease (IBD)/Crohn’s disease, multiple sclerosis, fatty liver disease, and rheumatoid ar-
thritis models. A detailed acute and chronic toxicity profile of the lead compound in vivo did not reveal any toxic
effects. Such a type of molecule might therefore provide a unique starting point for designing a novel class of
leukocyte transmigration blocking agents with broad therapeutic applications in inflammatory and auto-immune
pathologies.
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1. Introduction

Inflammatory and autoimmune diseases represent a significant
proportion of devastating human pathologies [1–4]. Dozens of drugs
are currently in use to treat these disorders [5–7]. However, often
complete remission is not achieved and most of the drugs have serious
side effects [8,9]. Several autoimmune and chronic inflammatory dis-
eases, such as Crohn’s disease, multiple sclerosis, ankylosing spondy-
litis, psoriasis, rheumatoid arthritis, or lupus erythematosus and many
others are not treatable or have poor treatment response and are often
fatal [10,11].

Thus, the discovery and design of novel drugs against inflammatory
and autoimmune diseases is one of the major directions in the pharma-
ceutical industry and in academia. For example, there were around 400
ongoing clinical trials for treating rheumatoid arthritis in 2018 alone.
https://www.centerwatch.com/clinical-trials/listings/therapeutic-area/
19/rheumatology/.

Therefore, the molecular processes that define and regulate the re-
cruitment of leukocytes as part of inflammation have been identified as
potential targets in drug development since the 1990s [12–14]. His-
torically, integrins have been the focus of drug development and their
inhibition was generated by monoclonal antibodies, peptides/peptido-
mimetics, and small organic molecules [15]. Several integrin antago-
nists or modulators of their binding ligands have exhibited clinically
significant benefits, leading to continued medical interest in further
development of novel integrin inhibitors [16]. Currently, almost all
human integrins have been used as a target for developing effective
antagonists [14].

Integrin α4 β7 plays an important role in the leukocyte transmi-
gration process [15]. One of the most important binding partners of
integrin α4 β7 is mucosal vascular addressin cell adhesion molecule 1
(MAdCAM-1) [17]. This protein is predominantly expressed in the
mesenteric lymph nodes and Peyer’s patches [18,19]. However, under
inflammatory stimuli, the expression level of MAdCAM-1 in vascular
endothelial cells is upregulated [20]. The protein translocated to the
plasma membrane and leads to augmented adhesion of α4 β7 integrin-
positive lymphocytes to the endothelium [21]. In particular, the inter-
action between α4 β7 and MAdCAM-1 is considered to be one of the
most vital events in regulating leukocyte trafficking in the gastro-
intestinal tract [22,23]. It is therefore not surprising that both proteins
have been shown to be involved in the pathophysiology of in-
flammatory bowel diseases (IBD) [24], and they have been targeted by
several drugs, for example, by vedolizumab, a humanized monoclonal
antibody that recognizes the gut-specific α4β7 integrin [25,26].

In addition to biological drugs, small-molecule inhibitors of that
interaction were also developed. In 1996 Fong’s group at Genentech
showed that MAdCAM-1 binds to α4 β7 integrin via the specific amino
acid sequence leucine–aspartic acid–threonine (LDT) motif [27]. Since
then, several mimicking LDT moiety inhibitors have been developed
[28,29]. In addition, some very potent MAdCAM-1 and α4 β7 integrin
interaction blockers have been developed without targeting the LDT
sequence [30–32]. In 2008, Briskin’s group at Millenium Pharmaceu-
ticals published a paper in which they described the discovery of a
trioxotetrahydropyrimidin-based antagonist that specifically blocks the
α4 β7 integrin MAdCAM-1 interaction, without indicating that this
inhibition was mediated by the LDT sequence. All compounds reported
by the group were selected via high-throughput screening results based
on the static whole-cell adhesion assay [33]. In addition, several other
trioxotetrahydropyrimidin derivatives were reported as anti-in-
flammatory agents [34].

Here we describe the design, synthesis, and biological evaluation of
twelve trioxotetrahydropyrimidin derivatives that significantly differed
in structure from the set of compounds previously described by the
group of M. Briskin. The lead compound, methyl 4-((2-(tert-butyl)-6-
((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene) methyl) phenoxy)
methyl) benzoate (12), completely inhibited monocyte, T lymphocytes,

and B lymphocyte transendothelial migration in vitro. A significant in
vivo effect of compound 12 was also observed in multiple sclerosis,
arthritis, fatty liver, and in IBD mouse models. Compound 12 did not
display any toxic effects in mice in concentrations up to 200mg/kg, at
multi-dose administration during a 28-day period. Surprisingly, com-
pound 12 did not block MAdCAM-1 as we had previously anticipated.
Based on in silico calculation, we now hypothesize that compound 12
instead may block platelet endothelial cell adhesion molecule 1
(PECAM-1) based transendothelial migration of leukocytes. Such types
of molecules might therefore provide a unique starting point for de-
signing a novel class of leukocyte transmigration blocking agents with
broad therapeutic applications.

2. Results and discussion

2.1. Chemistry

Based on the trioxotetrahydropyrimidin derivative structures, de-
scribed by Harriman et al. [33] (Supporting Information Chart 1), we
designed a ligand-based pharmacophore model using the LigandScout
platform (Fig. 1A) [35,36]. The resulting pharmacophore model con-
tained three hydrogen acceptor features, which represented the oxygen
of the carbonyl moieties, one hydrogen donor representing the amine
donor, aromatic rings, and two merged hydrophobic aromatic features,
representing the aromatic substitution rings in the structures of all
trioxotetrahydropyrimidin derivatives. In order to simplify the struc-
tures of the designed compounds and to avoid the formation of cis and
trans isomers by substituting the amide moiety of trioxotetrahy-
dropyrimidin (similarly to all compounds that were developed by
Harriman et al.), we decided to omit one of the merged pharmacophore
features that represent the substitution of the amide moiety of triox-
otetrahydropyrimidin.

The pharmacophore (Fig. 1B), which was changed accordingly, was
used for aligning the designed compounds 1–4, 11–14, 26, and 22–24,
and for evaluating their suitability for the pharmacophore (Fig. 1C). By

Fig. 1. Ligand-based pharmacophore model developed using the LigandScout
program. (A) A pharmacophore model design based on the trioxotetrahy-
dropyrimidin derivative structures described by Harriman et al. (B) The phar-
macophore model includes two aromatic rings (blue)- AR, one hydrophobic
(yellow)- H, three hydrogen acceptor features (red)- HBA, and one hydrogen
donor (green)- HBD. (C) A pharmacophore mapped 2D feature representation of
the designed compounds. The features are color-coded, as described above.
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performing this step, we developed compounds with the potential to
block leukocyte transmigration process.

First, four trioxotetrahydropyrimidin derivatives were synthesized,
as shown in Scheme 1, using classical Knoevenagel condensation be-
tween acidic hydrogens located between two carbonyls of trioxote-
trahydropyrimidin and the corresponding aromatic aldehydes. Usually,
a weak basic amine is used to catalyze such a reaction; however, the
high acidic properties of a trioxotetrahydropyrimidin lead to deproto-
nation without the addition of a basic catalyst. First, four trioxote-
trahydropyrimidin derivatives were obtained: 8H-benzo[7,8] chromeno
[2,3-d] pyrimidine-8,10(9H)-dione, (1) 5-(3-acetylbenzylidene) pyr-
imidine-2,4,6(1H,3H,5H)-trione, (2) 5-(3,4-dihydroxybenzylidene)
pyrimidine-2,4,6(1H,3H,5H)-trione, (3) 5-(anthracen-9-ylmethylene)
pyrimidine-2,4,6(1H,3H,5H)-trione, and (4) using known synthetic
procedures [37,38].

The structures of compounds 3 and 4 were already reported in the
scientific literature [39,40]. However, compounds 1 and 2 are novel. It
is important to mention that compound 1 was obtained unexpectedly.
We planned to synthesize a molecule with a free hydroxyl group on the
ortho to the aldehyde position. However, as a result of an in-
tramolecular reaction, the formation of a 3,6-dihydro-2H-pyran deri-
vative was observed. We presume that the driving force for the cycli-
zation was the formation of a stable six-member ring with conjugated
double bonds. As a result, only an O-cyclic compound was obtained
with high yield (around 95%) and no compound with free hydroxyl.

The synthesis procedure for more complex novel trioxotetrahydropyr-
imidin derivatives is presented in Scheme 2. Using another classical
organic synthesis method, Fischer-Speier esterification, a 4-bromo-
methylbenzoic acid was refluxed with methyl alcohol in the presence of
a catalytic amount of H2SO4 to obtain the corresponding ester: methyl
4-(bromomethyl) benzoate, (5) [41]. This was followed by reaction of 5
with commercially available hydroxybenzaldehydes, using the proce-
dure described by Zidar et al. [42]. In which the bromine moiety
changes in situ with a better leaving group (iodine) and by using a weak
basic compound (potassium carbonate) to deprotonate the phenol
moiety to couple with iodobenzyl to obtain the corresponding ether.
The resulting substituted aldehydes; methyl 4-((2-formylphenoxy) me-
thyl) benzoate (6), methyl 4-(3-formylphenoxy) benzoate (7), methyl 4-
((2-(tert-butyl)-6-formylphenoxy) methyl) benzoate (8), and methyl 4-
((4-formyl-2,6-dimethylphenoxy) methyl) benzoate (9) were coupled
with barbituric acid using Knoevenagel condensation (without the ad-
dition of a basic catalyst) to obtain methyl 4-((2-((2,4,6-trioxotetrahy-
dropyrimidin-5(2H)-ylidene) methyl) phenoxy) methyl) benzoate (10),
methyl 4-((3-((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene) methyl)
phenoxy) methyl) benzoate (11), methyl 4-((2-(tert-butyl)-6-((2,4,6-
trioxotetrahydropyrimidin-5(2H)-ylidene) methyl) phenoxy) methyl)
benzoate (12), and methyl 4-((2,6-dimethyl-4-((2,4,6-trioxotetrahy-
dropyrimidin-5(2H) ylidene) methyl) phenoxy) methyl) benzoate (13),
respectively. Compound 4-((2-((2,4,6-trioxotetrahydropyrimidin-
5(2H)-ylidene) methyl) phenoxy) methyl) benzoic acid (14) was ob-
tained using strong basic catalysis of a hydrolysis of the ester bond in
the presence of sodium hydroxide. Following an almost identical syn-
thetic pathway, but using as a starting material a 3-(chloromethyl)-
benzoic acid, an additional set of novel trioxotetrahydropyrimidin de-
rivatives were synthesized, as shown in Scheme 3. This set consists of
methyl 3-((2-methyl-6-((2,4,6-trioxotetrahydropyrimidin-5(2H)-yli-
dene) methyl) phenoxy) methyl) benzoate (19), methyl 3-((2-((2,4,6-
trioxotetrahydropyrimidin-5(2H)-ylidene) methyl) phenoxy) methyl)
benzoate (20), methyl 3-((4-((2,4,6-trioxotetrahydropyrimidin-5(2H)-
ylidene) methyl) phenoxy) methyl) benzoate (21), 3-((2-methyl-6-
((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene) methyl) phenoxy)
methyl) benzoic acid (22), 3-((2-((2,4,6-trioxotetrahydropyrimidin-
5(2H)-ylidene) methyl) phenoxy) methyl) benzoic acid (23), 3-((4-
((2,4,6-trioxotetrahydropyrimidin −5(2H) ylidene) methyl) phenoxy)
methyl) benzoic acid (24), and methyl 3-((3-((4,6-dioxo-1,3,5-tria-
zinan-2-ylidene) methyl) phenoxy) methyl) benzoate (26).

In Scheme 4 shown the synthetic pathway for the preparation of 19F
labeled derivative of compound 12 which was obtained as described in

Scheme 1. Synthesis of four benzylidene pyrimidine derivative compounds
1–4: EtOH:H2O 1:1, barbituric acid, under reflex overnight.

Scheme 2. Synthetic pathways of four benzylidene pyrimidine derivative compounds 11–14: (i) MeOH, H2SO4, under reflex for 5 h. (ii) K2CO3, KI, salicylaldehyde,
CH3CN, 70 °C for 5 h. (iii) EtOH/H2O 1:1, barbituric acid, under reflex overnight. (iv) 2M NaOH, 1,4 dioxan:MeOH:H20 1:1:1, under reflex for 5 h.

T. Getter, et al. Bioorganic Chemistry 92 (2019) 103250

3



Scheme 1. Compound 30 was used for the determination of the level of
HeLa cell labeling by 19F NMR.

2.2. In vitro study of the anti-inflammatory effects

The synthesized compounds were evaluated in vitro using a bio-
imaging platform that provides a detailed analysis of individual leu-
kocyte interactions with vascular endothelial cells (ECs) under phy-
siological flow that occurs during inflammatory reactions [43]. This
technique allowed us to determine the possible effects of compounds on
four major mechanisms that define human leukocyte trafficking using
primary cells: (1) the initial capture of leukocytes in free-flow onto
endothelial luminal surfaces, which is rapidly followed by (2) firm
adhesion, and (3) the migration of monocytes on the endothelial surface
(pre-transmigration event). Luminal movement can then lead to mi-
gration of the leukocyte across the endothelial barrier into the ablum-
inal compartment, termed leukocyte trans-endothelial migration (be-
tween EC junctions) area, followed by (4) migration into the abluminal
extracellular matrix or eventually, reverse transmigration back into the
vascular lumen.

The underlying trafficking mechanisms of human monocytes were
investigated using a flow assay bio-imaging system in the presence of
the tested compounds [44]. A monolayer of human umbilical vein en-
dothelial cells (HUVECs) was cultured in flow chambers that allowed
human monocytes, T- or B- lymphocytes to be perfused over the en-
dothelial monolayer under physiological shear stress conditions

representing capillary flow rates in vivo (Supporting Information Fig.
S1). Using phase contrast bio-imaging, we were able to film (Movie 1)
the perfused leukocytes undergoing capture, their firm adhesion to
endothelial cells, followed by transendothelial migration and thus de-
termine how this process may be affected by the tested compounds. A
summary of the results is presented in Fig. 2. Briefly, a monocyte sus-
pension was flowed over tumor necrosis factor α (TNF- α) activated
HUVECs for the first 5min of the experiment, before switching to the
wash buffer for 40min. The adherent monocytes appeared as phase-
white, which rapidly changed to phase-gray as the cells became firmly
adherent. Monocytes that transmigrated through the HUVEC mono-
layer changed from a phase-gray to a phase-black appearance. This
change in the cells’ appearance and the phases in migration enabled us
to measure every aspect of monocyte recruitment. Under control con-
ditions, the captured monocytes became adherent within 1min, and
transmigrated within 15min of flow co-culture. Four compounds: 4, 11,
12, and 26 displayed a significant inhibitory effect in this screening
system.

Another parameter that was measured in the monocyte transmi-
gration assay is the level of adhesion of monocytes to the endothelial
cells. This parameter was used to determine whether the inhibitory
effects of active compounds are related to their intervention with ad-
hesion or to the transmigration pathway itself. The effect of the most
active compounds 4, 12, and 26 on the adhesion of monocytes was
tested. We dropped in this stage compound 11, because it was less
active then 12 and 26 but its activity was similar to 4. The adhesion was

Scheme 3. Synthetic pathways of four benzylidene pyrimidine derivative compounds 22–24 and 26: (i) MeOH, H2SO4, under reflex for 5 h. (ii) K2CO3, KI, CH3CN,
70 °C for 5 h. (iii) EtOH/H2O 1:1, barbituric acid, reflex overnight. (iv) 2M NaOH, 1,4 dioxan:MeOH:H20 1:1:1, under reflex for 5 h.

Scheme 4. Synthetic pathways of fluorinated benzylidene pyrimidine derivative compound 30: (i) MeOH, H2SO4, under reflex for 5 h. (ii) K2CO3, KI, salicylaldehyde,
CH3CN, 70 °C for 5 h. (iii) EtOH/H2O 1:1, barbituric acid, under reflex overnight. Compound 28 is a known molecule.
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found to be unaffected for all three tested compounds (Fig. 3A). The
effect on the transmigration process was then determined again for all
three molecules (Fig. 3B).

Two compounds, 12 and 26, exhibited a very effective inhibition of
monocyte transmigration. However, compound 12 completely blocked
monocyte transmigration at a 30 µM concentration, and not even a
single blocked monocyte undergoing transmigration could be recorded
(Movie 1).

In general, from the most active compound, 12, several conclusions
of the structure-activity relationship results could be drawn. For ex-
ample, compound 4 has an anthracene moiety instead of the di-aro-
matic-substituted one in compounds 12 and 26. This compound ex-
hibited an inhibitory effect similar to compounds 26 and 12 but with
less potency. This means that bulky substitution for trioxotetrahy-
dropyrimidin might be critical for achieving high-efficacy compounds.
Compound 26 is similar to the most potent and active compound 12.
However, the absence of t-butyl substitution and the meta position of
the benzyl ether instead of the ortho one in compound 12 decreased
dramatically the activity of compound 26. Consequently, we propose
that the t-butyl moiety might be critical for binding to a hydrophobic
pocket of target protein. Compound 11 has no t-butyl substitution and
the trioxotetrahydropyrimidin groups are located at the meta position
relative to the etheric bond, compared with the ortho position in com-
pound 12, which significantly affects the potency of the binding.
Compounds 13, 23, and 24 were low-affinity inhibitors of monocyte
transmigration. Compound 13 has two significant structural differ-
ences, compared with compound 12. First, two methyl groups are lo-
cated at ortho positions relative to the etheric aromatic group. Second,
the benzyl ester moiety and the trioxotetrahydropyrimidin fragment are

located at para positions relative to each other. Compounds 24 and 23
do not have any methylated substitutions on the benzyl ring and the
aromatic orientation of the benzyl ester relative to the etheric bond is at
the meta position, compared with para in compound 12. Thus, these
differences might be responsible for reducing the inhibitory activity of
both compounds. Compounds 1–3, 14, and 22 were inactive.
Compounds 2 and 3 contain two rings: one is trioxotetrahydropyr-
imidin and the other is a benzylidene motif; both are similar to com-
pound 12. However, compound 12 has an additional third aromatic
substituted ring and both compounds 2 and 3 lack this structural
moiety. These data highlight the importance of the third aromatic ring
for biological activity. Compound 1 is the most rigid molecule synthe-
sized with intra-cyclization, affording saturated four-member ring mo-
lecules that reduce activation. Finally, compounds 14 and 22, which
lack both t-butyl substitution, and methyester, which are critical for the
activity, exhibited no biological activity.

Based on these results, it could be concluded that the activity of the
identified compounds was via inhibition of the transendothelial mi-
gration process and that the effect was not attributed to the adhesion
level of monocytes relative to the endothelial cells. The dose response
effect of compound 12 was investigated in the monocyte/HUVEC
system by an identical flow assay (Movie 2). We chose this molecule as
a lead compound for further biological investigation and an in-depth
study. Serial dilutions of compound 12, starting from 100 µM to 3 nM,
were used to establish the concentration that would give a 50 percent
inhibition (IC50) using the monocyte transmigration flow assay (Fig. 4).
As we have already observed in the first screening, complete blocking of
monocyte transmigration was achieved at a concentration range of 30
to 100 µM, whereas partial blocking was achieved at concentrations as

Fig. 2. Monocyte transmigration on the surface of activated HUVECs under flow. Primary human monocytes co-cultured on TNF-α-activated HUVECs. Test com-
pounds at 30 µM or DMSO (blue line) were added to cells for 45min. Co-cultures were kept under a flow of 0.05 Pa. (A). Compounds 12 (red line) and 26 (green line).
Total blocking of transmigration. (B) Compounds 4 (red line) and 11 (green line). High levels of blocking. (C) Compounds 13 (red line), 23 (green line), and 24
(purple line). Low levels of blocking. (D) Compounds 1 (red line), 2 (green line), 3 (purple line), 14 (orange line), and 22 (black line). No effect. n=3. Mean ± SE,
*P≤0.05.
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low as 3 µM. The compound lost its activity at concentrations below
300 nM. The IC50 value for compound 12 was 2.4 µM, with no indica-
tion of cell toxicity at higher concentrations.

To determine whether our compound affected lymphocyte traf-
ficking, compound 12 was tested in a T lymphocyte recruitment assay.
Compound 12 had a profound effect on both adhesion and transen-
dothelial migration. Similarly to monocytes, T cell transmigration was
completely blocked by compound 12 at a concentration of 30 µM
(Fig. 5). Compound 12 was also tested in a novel B lymphocyte re-
cruitment assay. For this purpose, a well-known drug Tysabri © (Na-
talizumab), an anti- α4 β1 integrin antibody, which blocks T cell re-
cruitment, was used as a control [45–48], as shown in Fig. 6 and Movie

3. In our hands, compound 12 also had a potent effect on B cell re-
cruitment, blocking both B cell adhesion to vascular endothelium and
transendothelial migration. Compound 12 contrasted with Tysabri in an
unexpected manner. Whereas Tysabri has been described as blocking T
cell trafficking, it had no effect on the number of B cells recruited. It had
only a moderate effect on the blockade of B cell adhesion to en-
dothelium vascular; however, this was in contrast to the efficiency of
adherent B cells transmigrating at a higher rate. The net effect was that
the number of transmigrating B cells in the ablumen of HUVECs was
identical to that of the control. This could occur for a number of reasons
(e.g., adhesion blockade of a specific B cell subset); the profile of the
adherent versus the transmigrated B cells is being actively investigated.
This observation has many implications regarding how this transla-
tional approach can impact early drug development; for example, we
found that despite the poor blockade effect on B cells’ effect on Tysabri,
it is still a very effective drug for treating MS and other inflammatory
conditions.

Based on these observations, we propose that compound 12 inter-
acts with vascular or leukocyte adhesion receptors that support leuko-
cyte trafficking. Therefore, we thought that compound 12 would
compete with an antibody for binding with three well-known adhesion
proteins: MAdCAM-1, vascular cell adhesion protein 1 (VCAM-1), and
junction adhesion molecule 1 (JAM-C). Commercially available ELISA
kits were used for this determination using HeLa (cervical carcinoma)
and Jeko-1 (mantle cell lymphoma) cell lines. Indeed, both types of
cells are not ideal in vitro models for inflammatory/auto-immune dis-
eases. However, HeLa cells express a constitutive level of MAdCAM-1
and VCAM-1 on their plasma membrane [49,50]. We planned to detect
the possible inhibition by compound 12 of the binding between
MAdCAM or VCAM-1 and their specific ligands (provided by the kits).
The use of HeLa cells was recommended by the provider of the kits. In
an identical assay we used Jeko-1 cells to test eventual blocking of JAM-

Fig. 3. Adhesion (sub-Figure A) and transmigration (sub-Figure B) patterns of
human monocytes co-cultured on TNF-α-activated HUVECs under flow in the
presence of compounds 12 (purple line), 26 (green line), and 4 (red line). Co-
culture was treated as described in Fig. 2 (the time was shorter: 30min, DMSO
is denoted by the blue line), n=3. Mean ± SE, *P≤0.05.

Fig. 4. Dose response effect of compound 12 on monocyte transmigration on
the surface of HUVECs. Co-culture was treated as described in Fig. 3 by in-
creased concentrations of compound 12; 3 nM (red line), 30 nM (green line),
300 nM (purple line), 3 µM (black line), 30 µM (orange line) and 100 µM (gray
line). DMSO (blue line), n=3. Mean ± SE, *P≤0.05.

Fig. 5. Effect of compound 12 on T cell recruitment. Co-culture was treated as
described in Fig. 4 (only for a longer time: 60min) by compound 12 (at 30 µM
concentration red line) and by DMSO (blue line), Panel A represents the cap-
tured T cells. Panel B represents the % of T cell transmigration, n= 3.
Mean ± SE, *P≤0.05.
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Fig. 6. Effect of compound 12 and Tysabri on B cell recruitment. Co-culture was treated as described in Fig. 2 (only for a longer time: 60min) by compound 12 or by
Tysabri (red line), both at a 30 µM concentration, in both experiments DMSO was added to control samples, (blue line). (Panels A, B, C) indicate the effect of
compound 12 and (Panels D, E, F) indicate the effect of Tysabri. Panels A and D represent the captured B cells. Panels B and E represent the % of B cell transmigration
and Panels C and F represent the transmigrated B cells, n= 3. Mean ± SE, *P≤0.05.

Fig. 7. Investigation of the possible inhibitory ef-
fect of compound 12 on the binding activity of
different adhesion proteins using commercially
available kits. (A) JAM-C, compound 12 was used
at 30 µM. (B) VCAM-1, (C) MAdCAM-1. (D) Panel of
integrins, n= 6, Mean ± SE. no significant differ-
ences were observed (NS, none significant).
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C binding by compound 12 [51]. Fig. 7A, B and C shows that compound
12, at a concentration at which it displayed total inhibition of monocyte
transmigration, did not reduce the binding activity of these three tested
proteins to their specific antibodies. In addition, Jeko-1 cells were used
for identification of possible effect of compound 12 on the binding
between set of integrins to their antibodies. A commercial available kit
for measurement of the integrines binding was used (Fig. 7D). Also in
this assay no competition between compound 12 and antibodies were
detected. Obviously, we cannot draw any conclusions based on the
negative results obtained in those experiments. To detect a decreased
binding between a protein and its antibody in the presence of com-
pound 12 might be possible only if they compete for the same epitope
(the binding site of compound 12 is unknown), thus the lack of effect
can be still explained by different epitopes of binding for the antibody
and compound 12.

The next question was: “Does compound 12 target white blood cells
or endothelium, or both?” We therefore developed a strategy where
monocytes and HUVEC cells were treated separately with a test com-
pound, before co-culture in the flow assay chamber. Treatment of
monocytes only, blocked monocyte transmigration (100%). Pre-treat-
ment of endothelium by compound 12 only before flowing the mono-
cytes, induces rapid reverse transmigration when monocytes were
subsequently flown of the endothelium (Supporting Information Fig.
S2A). This effect might explain the potent therapeutic effect of com-
pound 12, which we identified in vivo (discussed below) and the ability
of compound 12 to revert existing inflammation. Targeted reverse
leukocyte transendothelial migration would be a novel mechanism in
treatment of autoimmune diseases that would raise a lot of interest.
Leukocyte retention in tissue is a key factor in chronic disease and
drives in human chronic inflammation. Bringing leukocytes back into
the blood stream by reverse transendothelial migration could resolve
the inflammation. Additional in vitro-related results indicated pheno-
typic manifestations of a distinctive movement within the HUVEC in-
tercellular junctions observed after treatment with compound 12. We
termed this manifestation as “Fluttering”, because it was characterized
by a rapid fluctuating movement (similar to butterfly wings) at the
intercellular junctions of adjacent HUVECs, and predominantly within
the tricellular corners. This was associated with absence of leukocyte
adhesion or migration within these regions (Supporting Information
Fig. S2B and Movie 4). “Fluttering” was observed in all HUVECs co-
cultured with monocytes that were treated with compound 12. In all
cases, junctional integrity was maintained, and no physical breakdown
was observed at the endothelial intercellular contacts. This therefore
represents a phenotype that is consistent with a profound disruption in
leukocyte transmigration.

2.3. In vivo studies of leukocyte migration and inflammatory pathologies

Having identified an anti-inflammatory effect in vivo, we tested
compound 12 in a series of toxicity studies. To increase the adminis-
tered dose and to avoid using dimethyl sulfoxide (DMSO) as a solvent, a
simple methylcellulose-based formulation was developed as part of this
study. Methylcellulose is an FDA-approved component for medical
formulations and in the concentrations used for this study (0.332%),
methylcellulose has been shown to be inert [52]. Eight experimental
groups with five female 6–7-week-old C57BL/6J mice were treated with
compound 12 and one control group with non-treated (naïve) mice was
used. Mice were administered a daily application of compound 12
suspension at 5, 10, and 15mg/kg by intraperitoneal injection (IP) or at
10, 20, and 30mg/kg by oral gavage (PO) for 7 days. Mice from all
experimental groups were observed for signs of toxicity immediately
post dosing and following 2 h post-administration daily. After 24 h of
the last administered dose, the mice were euthanized. Whole blood was
collected and analyzed for biochemical markers, white/red blood
counts, and white blood cell differentiation. Liver, spleen, lungs, heart,
and kidneys were collected from each mouse and fixed with 4%

buffered formalin for future mounting in paraffin blocks. Sections from
each organ of each animal were then stained with Hematoxilin/Eosin
(H/E) and histological evaluation of the tissue was performed by mi-
croscopy to identify signs of toxicity. No significant changes in white
and red blood were observed in blood from mice treated with com-
pound 12 in both administered routes, as shown in Supporting
Information Figs. S3 and S4. In addition, all biochemical tests on blood
from mice treated with compound 12 confirmed that there were no
signs of toxicity, as shown in Supporting Information Figs. S5, S6, and
S7. Macro-evaluation of mouse tissues also revealed no significant
changes in tissue morphology in animals treated by compound 12, as
shown in Supporting Information Figs. S8 and S9.

In addition, a good laboratory practice (GLP) toxicity experiment
was also conducted. Compound 12 was administered orally, daily for
28 days to C57 black mice, in three doses. The maximal dose was supra
pharmacological (200mg/kg/day). The detailed protocol is presented
in the Supporting Information. The main conclusion, which was derived
from the study, is that compound 12 has no toxic effects. Body weight,
clinical observations, necroscopy results, and blood tests were similar in
treated and non-treated compound 12 mice.

The possible therapeutic effect of compound 12 was evaluated in an
acute inflammation model of IBD/Crohn’s disease. C57BL mice were
treated with dextran sulfate sodium salt (DSS) to induce colitis [53]. On
day 5, water containing DSS was changed to regular drinking water and
treatment with compound 12 was initiated. Compound 12 was ad-
ministered at 15mg/kg by intravenous injection (IV), IP, or sub-
cutaneous injection (SC) injections using a q3w regimen (administered
3 times per week) and at 30mg/kg by PO using a qd regimen (once
daily). The treatment was continued for 10 days and thereafter, mice
were euthanized. For determining the severity of the disease and the
possible therapeutic effects of compound 12, a disease activity index
(DAI), based on the methods reported by Park et al. [54], was applied.
The DAI score was calculated as the sum of the weight loss score, the
diarrheal score, and the hematochezia score (Table 1).

After 10 days of treatment, and an additional 24 h after the last dose
was administered, a disease activity index in all experimental groups
was estimated. The obtained results were summarized in Fig. 8. Com-
pound 12 significantly decreased the index in all four treated groups.
The maximal effect was observed in the PO-administered mice; how-
ever, this may be because of the higher dose (30mg/kg versus 15mg/
kg), which the PO-administered mice received compared to other mice
that received compound 12 by IV, IP, or SC. It is important to mention
that the additional autopsy examination of mouse colon samples re-
vealed that the colon length was shorter by approximately 2 cm in all
treated groups compared with the untreated animals. In addition, the
presence of gross blood in the stool or anus and the formation of a stool
that readily becomes paste on the anus were not detected in the treated
groups compared with the control mice. In general, colons treated by
compound 12 mice looked almost identical to those of naïve mice
(Fig. 9A and B). A histological score was based on the parameters re-
ported by Park et al.[54] and the score was significantly lower in mice
treated with compound 12, as shown in Fig. 9C.

Having established the striking therapeutic effect of compound 12

Table 1
Scoring criteria for the disease (IBD) activity index.

Score Weight loss (%) Stool consistencyb Hematocheziaa

0 None Normal Absence
1 0–10
2 11–15 Loose stoolb

3 16–20
4 ˃20 Diarrhea Presence

a The presence of gross blood in the stool or anus.
b The formation of a stool that readily becomes a paste on the anus of a

mouse.
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in an acute IBD model, we also tested the effect of compound 12 in a
chronic inflammatory multiple sclerosis model in mice. Female 7–8-
week-old C57BL/6J mice were immunized with an emulsion of myelin
oligodendrocyte glycoprotein (MOG) in complete Freund’s adjuant
(CFA) according to standard protocols, followed by administering per-
tussis toxin (PTX) in phosphate buffer solution (PBS) [55]. After the
onset of experimental autoimmune encephalomyelitis (EAE) after
9 days, mice were assigned by enrollment to groups, one at a time, as

soon as they showed the first signs of EAE (paralysis score 0.5–1). The
treatment group was administered compound 12 at 15mg/kg dose
using a q3w regimen by SC injections. The mock-treated (vehicle)
control group was administered a volume of solvent similar to the
treated group. The body weight of animals was determined prior to the
experiment and the administered volume of compound 12 formulation
was adjusted according to the body weight. The EAE score (the severity
of the disease) was calculated based on criteria shown in Table 2. Be-
sides the clinical score (which mirrors the neurological symptoms), the
body weight of each mouse was measured as an additional parameter
for estimating the possible therapeutic effect of compound 12. Fig. 10A
shows that starting already from the tenth day, the onset of the disease
in mice treated with compound 12 was delayed, and that the body
weight at day 20 of treatment returned to normal. This contrasted
significantly with non-treated and control group mice where the loss in
body weight differed by as much as 4 g approximately. These differ-
ences closely correlated with the measured changes in clinical scores.
Starting from the 10th day, mice treated with compound 12 showed no
increase in the disease score and by day 20, the score even decreased to
score values of 2 to 1.5. In contrast, non-treated and control mice
reached a score above 2.5 in the same timeframe (Fig. 10B).

Fig. 8. Effect of compound 12 on the DAI score in IBD/the Crohn’s disease
mouse model. The experiment was conducted as described in the Results sec-
tion. After 10 days of treatment, and an additional 24 h after the last adminis-
tered dose, a disease activity index in all experimental groups was estimated.
n= 3. Mean ± SE, *P≤0.05 compared to treatment by vehicle control, **
compared to non-treated control. ANOVA test.

Fig. 9. Effect of compound 12 on the length and histology of colon in the Crohn’s disease mouse model. (A) The experiment was conducted as described in the Results
section. After 10 days of treatment, and an additional 24 h after the last administered dose, mice were euthanized; their colons were isolated, fixed, and photo-
graphed. (B) Colon length measurement. (C) The intestinal lumen was investigated (mucosa, gross lesions, the architecture of the epithelial structure, the content of
inflammatory cells (mostly lymphocytes) within the lamina propria). Lymphoid follicles were investigated in caecum submucosae. n=3. Mean ± SE, *P≤0.05
compared to those treated by vehicle control, ** compared to the non-treated control.

Table 2
EAE clinical score.

Score Clinical manifestation

1 Limp tail
2 Partial hind leg paralysis
3 Complete hind leg paralysis
4 Complete hind and partial front leg paralysis
5 Moribund

T. Getter, et al. Bioorganic Chemistry 92 (2019) 103250

9



We then decided to investigate the effect of compound 12 in chronic
inflammatory pathology, which is related to insulin resistance and the
metabolic syndrome: non-alcoholic fatty liver dystrophy (NAFLD),
which in the last decade has attracted much attention owing to a
forecast of increased frequency in the USA, Europe, and other in-
dustrialized countries. The classical in vivo model for NAFLD was con-
ducted in mice placed on a high-fat diet for a prolonged time period to
simulate a western diet (14 weeks prior to treatment initiation).
Compound 12 was administered on day 85 of the fat diet (15mg/kg, for
SC and IP, 30mg/kg for PO), three times per week for 65 days.
Compound 12 significantly reduced the body weight of mice in all
administered roots (Supporting Information Fig. S10). After euthanasia
of the mice and a histopathological analysis of the livers, it was found
that compound 12 dramatically reduced the level of fat in the liver
almost to the normal histology (the SC administration results are shown
in Fig. 11A). In addition, even the amount of fat in the physiological
depot (mesenteric space) was significantly reduced because of com-
pound 12 administration (Fig. 11B). The activity score of the disease in
the mice under SC administration was also similar to that of the naïve
mouse group (zero values in both categories, Fig. 11C). IP and PO-ad-
ministered compound 12 likewise significantly reduced the disease
score. Compound 12 also significantly decreased the liver weight after
treatment by all routes of administration mentioned above, as shown in
Fig. 11D. Finally, the mesenteric fat mass measurements were also
significantly reduced by compound 12 treatment given PO, SC, and IV
(Fig. 11E).

It is important to mention that already in 2011 Liang Ma et al. re-
ported the significant effect of trioxotetrahydropyrimidin derivatives

(however, substantially different ones from our reported compounds
are described here) in the nonalcoholic fatty liver disease mouse model
[56,57]. The authors proposed that their compounds would activate
peroxisome proliferator-activated receptor (PPAR-γ); however, they did
not prove this hypothesis at the molecular level and did not test the
effect of the lead compound on leukocyte transmigration [58].

Our final evaluated chronic inflammatory in vivomodel investigated
the effect of compound 12 on rheumatoid arthritis, an autoimmune
disorder that can be induced in mice by injection of collagen (collagen-
induced arthritis, CIA) [59]. To this end, male DBA/1 mice (7–8 weeks
of age) were injected with collagen type II (CII)+ CFA emulsion on day
0 by SC. On day 21 the animals received the same amount of the
emulsion as a booster. On day 22, the mice were randomized, and
treatment was initiated. On days 0, 22, and 43, the paws of all mice
were measured using calipers to establish baseline and experimental
end-point values for paw thickness. The CIA scoring was conducted on a
scale of 0 to 16 (0 to 4 for each paw, adding the scores for all 4 paws).
For this study, compound 12 was administered IP (15mg/kg, four times
per week) for 21 days. Fig. 12 shows that after two weeks, compound
12 significantly reduced the clinical score in the treated mice. This
effect was observed for the duration of the experiment. In addition,
compound 12 also improved local arthritis manifestations, in both fore
and hind limbs, where the thickness of both limbs was significantly
reduced (Fig. 13A and B). Finally, all limb pathologies were assessed by
histology using hematoxylin and eosin (H&E) stains in paraffin-em-
bedded sections. Joints were scored for inflammation, cartilage da-
mage, pannus formation, and bone resorption on a scale of 0 to 3 for
each readout (Supporting Information Fig. S11). In Fig. 13C the in-
dividual score values represent the summarized results. Compound 12
decreased the total histological score by more than 50%. The body
weight of treated animals remained relatively constant during the ad-
ministration of the compound; thus, the decreased tissue thickness was
not related to weight loss and a perceived reduction of stress on the
associated joints (Supporting Information Fig. S12).

2.4. In silico study of PECAM-1 binding

Since we did not see that compound 12 inhibits antibody binding to
MAdCAM, despite that the trioxotetrahydropyrimidin derivatives de-
veloped by Harriman et al. affected this protein, we hypothesized that
compound 12may have a different mechanism of action. We conducted
in silico experiments to investigate and identify a possible molecular
target of compound 12. One of the vascular adhesion molecules that
appeared as such a target is the PECAM-1. The role of this receptor in
inflammation, leukocyte transendothelial migration, and cancer has
highlighted a number of opportunities in drug development. PECAM-1
has been shown to be involved in the late-stage progression in cancer,
highlighting a potential mechanism in disease stratification, which is
dependent on the stage of treatment [60]. PECAM-1 is also known to
regulate T cell trafficking into the central nervous system (CNS) during
critical pathologies, demonstrating that targeting this receptor may
block multiple cell populations in both inflammation and cancer [61].
PECAM-1 not only resides at the junction; it is also a constituent of a
recycling compartment of endothelial cells, termed the lateral border
recycling compartment (LBRC), which modulates the transmigration of
leukocytes through the endothelial cell-cell junction [62]. The active
and inactive compounds were docked into the predicted binding sites of
the monomeric and dimeric structures of PECAM-1 in order to de-
termine which site can best distinguish between active and inactive
compounds measured by the area under the receiver operating char-
acteristic (ROC) - curve, which ranges between 0.5 for a separation not
better than random, and 1 for a perfect separation, (Fig. 14A). ROC
values calculated for sites on the monomeric structure were all below
0.6, thereby ruling out these sites (data not shown) [56]. On the other
hand, one of the sites identified on dimeric PECAM-1 (site 4) produces
an AUC (area under the curve)-ROC value of 0.73 (Fig. 14B) with lower

Fig. 10. Effect of compound 12 on the mouse body weight and paralysis score.
The experiment was conducted as described in the Results section. During the
21 days of treatment, the body weight, (A), and the paralysis clinical score, (B),
were measured daily in all experimental groups. Data shown represent the
Mean ± SEM, n=10, *P < 0.0001 compared to those treated by vehicle
control, ** compared to the non-treated control.
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values obtained for all other sites (0.64, 0.52, 0.65, and 0.37 for sites 1,
2, 3, and 5, respectively). Thus, we hypothesize that site 4, located at
the interface between the two monomers of PECAM-1, can potentially
serve as the binding site for compound 12 (Fig. 14C and D). If indeed
compound 12 binds to PECAM-1 but only to its activated form (dimer),
such a difference may represent a very important advantage to clinics,
because it suggests that treatment with compound 12 might selectively
block PECAM-1 in the vascular region and not on platelets. This theo-
retical observation might also explain the lack of general toxicity of
compound 12 in mice [63]. It is important to mention that PECAM-1
knockout (KO) mice have proinflammatory phenotype results, for ex-
ample, in atherogenic diet-induced steatohepatitis [60]. However, also
a high level of PECAM-1 leads to increased transmigration of immune
cells to organs [64,65]. In our case, compound 12 prevented the de-
velopment of NAFLD in mice as we showed above. Therefore, other
molecular targets of compound 12 might be involved in its biological
effect. The exact mechanism of action of compound 12 is currently
under investigation.

2.5. 19F NMR detection of fluorinated compound 12 (compound 30) in
HeLa cell versus PC12 cell

Fluorine exhibits an excellent NMR trace ability and it is totally
absent in animal cells and fluids [66,67]. Thus, 19F NMR is in intensive
use in drug discovery as a pharmacokinetic and pharmacodynamics tool
[68]. To further evaluate the possibility that compound 12 binds to
PECAM1, we introduced a fluorine atom instead of hydrogen in the
ortho position in the second aromatic ring of compound 12 (Scheme 4).
We supposed that if the compound binds to PECAM1, we should detect
19F NMR signal only in the cells which express the protein. PECAM1 is
in use as a specific marker of endothelial cells in different im-
munohistological technics and it is absent in neurons. Thus, we planned
to expose both types of cells to compound 30 and conduct 19F NMR
measurements to the obtained lysates. Due to technical limitations in-
stead of endothelial cells, we used epithelial cells (HeLa cell line) versus
neuronal PC12 cells. Such exchange was possible, because of the fact
that HeLa cells express PECAM1 selectively only on the plasma mem-
brane [69,70]. Indeed, in exposed to compound 30 HeLa cells, 19F was
detected (Supporting Information Fig. S13) and in PC12 (neuron-like

Fig. 11. Effect of compound 12 on fat accumulation in the NAFLD mouse model. Male mice (3–4weeks of age) were fed ad libitum a high-fat diet, no high-
carbohydrate diet (modified WD) with 42% kcal from fat containing 0.1% cholesterol (Harlan TD.88137) with normal water (without a high fructose-glucose
solution) for 14 weeks prior to initiating treatment. Control mice were fed with a standard chow diet (CD, Harlan TD.7012) with normal water (NW). Compound 12
was administered by IP injections at 15mg/kg dose using a q3w regimen for two months. Liver (A) and mesenteric fat (B) histologies were assessed using H&E stains
in paraffin-embedded sections. (C) In addition to IP injection, compound 12 was also administered by SC (15mg/kg) and PO (30mg/kg). Steatohepatitis was defined
by the presence of steatosis, inflammation, and hepatocellular ballooning, according to the FLIP algorithm. The severity of steatosis, lobular inflammation, and
hepatocellular ballooning was scored using the CRN criteria. The NAS was calculated by adding the scores of steatosis (the maximum score is 3), which is defined by
more than 66% of hepatocytes containing fat droplets, with lobular inflammation (the maximum score is 3), which is defined by> 4 foci/200 field hepatocyte
ballooning (maximal score 2), which is defined by many cells/prominent ballooning. The maximum NAS score combining all three features is 8. In all mice,
hepatocyte ballooning, as well as portal and perisinusoidal fibrosis was not detected. (D) Liver weight. After 60 days of the treatment, livers were isolated and
weighed. (E) Mesenteric fat weight. After 60 days of treatment, mesenteric fat was isolated and weighed. Data shown represent the Mean ± SEM, n=8, n= 6,
**P < 0.002. ANOVA test. The double asterisk shows a significant difference in the obtained results compared to the non-treated control and also to the vehicle-
treated group.
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cells), 19F was not detected at all. Those results might indirectly support
our hypothesis that compound 12 binds to PECAM1.

2.6. PK study

Preliminary PK study was conducted in C57 black mice. Compound
12 was administrated PO by a single dose (gavage, 50mg/kg) in the
minimal amount of DMSO (70 µL). The level of the compound was
measured by LC-MS after the extraction from the plasma by chloroform
(due to high lipophilicity of the molecule). The compound reaches the
peak concertation in the blood after 2.5 h (around 15 µM) and after 9 h
the level of the compound was undetectable (Fig. 14S). Suggesting that
compound 12 might be the main pharmacological active specie, al-
though the broad PK study with identification of possible active me-
tabolites are still needed.

3. Conclusions

Modified trioxotetrahydropyrimidin scaffolds were used for

developing a leukocyte transmigration inhibitor (compound 12). The
lead compound was active in IBD/Crohn’s disease, multiple sclerosis,
fatty liver disease, and rheumatoid arthritis mouse models at pharma-
cological doses. The clinical score was improved by compound 12 by
75%, 40%, 100% and 46% respectively. Compound 12 did not exhibit
any toxic effects in mice at the administered doses. Based on in silico
calculations, we postulate that compound 12 blocks PECAM-1, its mono
or heterodimeric form found in vascular endothelial junctions. Such
types of molecules might therefore provide a unique possibility for
developing novel classes of leukocyte transmigration blocking agents
with broad therapeutic applications, especially for the treatment of
acute inflammation and chronic autoimmune diseases. The exact
binding partner of compound 12 now is under intensive investigation.

Beside the possible use of compound 12 as a drug candidate for the
developing of novel therapeutics against auto-immune diseases or in-
flammation related disorders, compound 12 might also serve as a car-
rier for the delivery of anti-inflammatory, anti-thrombotic and anti-
oxidant agents to the pathologically altered vasculature [71,72]. Fur-
thermore, anchoring of some drug delivery systems to compound 12
might provide trans-endothelial delivery of drugs and genetic materials
[73,74].

4. Experimental section

4.1. Materials

All chemical reagents, solvents, and acids were purchased from
Acros Organic, Alfa Aesar, Bio-Lab Ltd., and Merck, and were all used as
received. Anhydrous tetrahydrofuran (THF) was obtained by distilla-
tion from a boiled blue colored mix containing sodium (1% w/v) and
benzophenone (0.2% w/v). Anhydrous dimethylformamide (DMF) was
obtained by distillation under vacuum and stored over 4 A° molecular
sieves. Column chromatography was performed on silica gel 60
(230–400 mesh; Merck). Analytical and preparative high-performance
liquid chromatography (HPLC) (Young Lin Instruments, Anyang, Korea)
were performed on LUNA C18 preparative (10 µm, 100× 30mm) or
analytical (5 µm, 250×4.6mm) columns, both from Phenomenex, Inc.
(Torrance, CA, USA). HPLC purification was carried out with an in-
creasing linear gradient of CH3CN in H2O. The purity of all synthesized
compounds was confirmed by elemental analysis and for compounds 29
and 30 by analytical HPLC. Analytical thin-layer chromatography (TLC)
was carried out on pre-coated silica gel 60 F254 (Merck) sheets using
UV absorption and iodine physical adsorption for visualization. Mass
spectra were recorded on a Finnigan Model 400 instrument using a
QToF microspectrometer (Micromass, Milford, MA, USA), using elec-
trospray ionization (ESI) in the positive ion mode. 6200 Series
Accurate-Mass Time-of-Flight (TOF) LC/MS from Agilent Technologies
(Santa Clara, CA, USA) was used for PK analysis. Data were processed

Fig. 12. Effect of compound 12 on the CIA score in the arthritis mouse model.
Male DBA/1 mice (7–8 weeks of age) were injected with CII+ CFA emulsion on
day 0 (SC) at the base of the tail with a volume of 0.05mL/animal. On day 21
the animals received the same amount of the emulsion as a booster. On day, 22
mice were randomized and the treatment was initiated (SC injections with a
15mg/kg dose using the q3w regimen. On days 0, 22, and 43, the paws of all
mice were measured using calipers to establish baseline and end point values
for paw thickness. The CIA scoring was on a scale of 0 to 16 (0 to 4 for each
paw, adding the scores for all 4 paws). Data shown represent the Mean ± SEM,
n= 8, n= 7 (not treated). *P < 0.002. ANOVA test.

Fig. 13. Effect of compound 12 in the
Collagen-Induced Arthritis (CIA) model in
DBA/1 mice (limb thickness and histolo-
gical score). (A) Fore limb thickness, (B)
Hind limb thickness, (C) Histological score.
Data shown represent the mean ± SEM,
n=8. *P≤0.05 compared to those treated
by vehicle control, ^ compared to the non-
treated control.
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using mass L-ynX ver. 4.1 calculation and de-convolution software
(Waters Corp., Milford, MA, USA). High-resolution mass spectra
(HRMS) were obtained using an LTQ Orbitrap XL (Thermo Scientific,
Waltham, MA, USA). Melting points were measured with a Fisher-Johns
melting point apparatus (Waltham, MA, USA). The 1H NMR and 13C
NMR were recorded at room temperature on a Bruker Advance NMR
spectrometer (Vernon Hills, IL) operating at 300, 400, 600, and
700MHz and were in accordance with the assigned structures.
Chemical shift values were reported relative to tetramethylsilane
(TMS), which was used as an internal standard. Chemical shifts were
expressed in δ (ppm) and coupling constants (J) in hertz. The splitting
pattern abbreviations are as follows: s, singlet; d, doublet; t, triplet; q,
quartet; quint, quintet; m, unresolved multiplet due to the field strength
of the instrument; dd, doublet of doublet. Dulbecco’s modified Eagle’s
medium (DMEM), Roswell park memorial institute (RPMI) 1640
medium, fetal calf serum (FCS), L-glutamine, penicillin/streptomycin
and trypsin were purchased from Biological Industries (Beth-Haemek,
Israel). Heparin, hydrocortisone, DMSO, PBS tablets, Medium 199,
radioimmunoprecipitation (RIPA) buffer, methylcellulose and Type II
collagen were purchased from Merck-Sigma–Aldrich Chemicals
(Rehovot, Israel). TNF-α, IFNγ, and CXCL-12 and -13 were purchased
from Peprotech, Rehovot, Israel. Endothelial cell growth supplement
was from Upstate Biotechnology (Boston, MA). T-, B-, monocyte se-
lection kits were from Miltenyi Biotec (Bergisch Gladbach, Germany).
Kits for determining the blocking activity of compound 12 of JAM-C
were purchased from Ray-Biotech (Norcross, GA, USA) of VCAM-1 from
Abcam (Cambridge, UK), Beta Integrin-Mediated Cell Adhesion Array
Kit was purchased from Chemicon (Temecula, CA, USA) and MAdCAM-
1 from ELAab (Guangguguoji, Wuhan, China). The bicinchoninic acid-
based protein concentration determination kit was purchased from
Pierce (Waltham, MA). Santa Cruz Biotechnology supplied complete
Freund's adjuvant.

4.2. Synthetic procedures

4.2.1. General procedure for the synthesis of methylated benzoates (5, 15
and 28) [41]

To a solution of 4-bromomethylbenzoic acid, 3-chlor-
omethylbenzoic acid or 4-(bromomethyl)-2-fluorobenzoic acid
(2.30mmol) in MeOH (5.6 mL), concentrated sulfuric acid (0.14mL)
was added. The resulting mixture was refluxed for 5 h. Then, the mix-
ture was cooled to room temperature and evaporated in vacuo. H2O
(20mL) was added to the reaction mix in an ice-water bath, and the
resulting solid was filtered and washed with cold water. The solid
material was partitioned between Et2O/AcOEt 1:1 and Na2CO3. The
organic layer was dried over Na2SO4 and evaporated in vacuo to afford
the products.

4.2.2. Methyl 4-(bromomethyl)benzoate, (5)
The title compound was obtained starting from 3-chlor-

omethylbenzoic acid (white powder, yield 48%): 1H NMR (400MHz,
CDCl3): δ 7.96 (d, J=8.41 Hz, 2H), 7.40 (d, J=8.41Hz, 2H), 4.45 (s,
2H), 3.87 (s, 3H) ppm. 13C NMR (100.6MHz, CDCl3): δ 166.28, 142.59,
129.95, 128.98, 52.10, 32.27 ppm. MS (ESI, SQ), m/z (%): (229 79Br,
231 81Br) [M+H]+.

4.2.3. Methyl 3-(chloromethyl)benzoate (15)
The title compound was obtained starting from 3-chlor-

omethylbenzoic acid (colorless syrup, yield 75%): 1H NMR (400MHz,
CDCl3): δ 8.06 (s, 1H), 7.99 (d, J=7.76Hz, 1H), 7.58 (d, J=7.76 Hz,
1H) 7.429 (t, J=7.76 Hz, 1H), 4.61(s, 2H), 3.92 (s, 3H) ppm. 13C NMR
(100.6MHz, CDCl3): δ 166.54, 137.91, 132.99, 130.73, 129.67,
129.55, 128.28, 52.23, 45.52 ppm. GC-MS (EI),70 ev, m/z (%): 184
[M]+.

4.2.4. General procedure for the synthesis of 6, 7, 8, 9, 16, 17, 18, and 25
[42]

A suspension of 5, 15 or 28 (6.55mmol) and the corresponding
benzaldehydes (6.55mmol) including potassium carbonate

Fig. 14. Binding sites and the binding mode
of compound 12 within the PECAM-1 dimer
structure. (A) Predicted binding sites within
the PECAM-1 dimer structure. Site 1: light
blue, site 2: green, site 3: blue, site 4: red,
and site 5: purple. The best ROC curve
(calculated for 7 active and 13 inactive
compounds) was obtained for site 4. (B)
ROC curve (AUC of 0.73) obtained for site 4.
The black 45° line represents random
ranking. (C) Representation of compound
12 at binding site 4. D) CPK representation
of compound 12 at binding site 4.
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(13.10mmol), and potassium iodide (7.86mmol) was heated at 70 °C
for 5 h. The solvent was evaporated, the residue was dissolved in ethyl
acetate (50mL), washed with saturated aqueous NaHCO3 solution
(2× 20mL), water (2× 20mL), and brine (2×10mL), dried over
Na2SO4, and concentrated under reduced pressure. The crude product
was purified by flash column chromatography using ethyl acetate/
petroleum ether as an eluent.

4.2.5. Methyl 4-((2-formylphenoxy)methyl)benzoate (6)
(white powder, yield 60%) 1H NMR (300MHz, CDCl3): δ 10.57 (s,

1H), 8.07 (d, J=8.43 Hz, 2H), 7.86 (d, J=7.50Hz, 1H), 7.53 (d,
J=8.43 Hz, 2H), 7.76 (t, J=7.50 Hz, 1H), 7.06 (t, J=7.50Hz, 1H),
7.01 (d, J=8.44 Hz, 1H), 5.25 (s, 2H), 3.92 (s, 3H) ppm. 13C NMR
(75.49MHz, CDCl3): δ 189.48, 166.68, 160.64, 141.18, 135.94,
130.03, 128.73, 126.85, 125.19, 121.31, 112.90, 69.76, 52.20 ppm. MS
(ESI, SQ), m/z (%):293.1 [M+Na]+.

4.2.6. Methyl 4-((3-formylphenoxy)methyl)benzoate (7)
(yellow powder, yield 54%) 1H NMR (300MHz, CDCl3): δ 9.96 (s,

1H), 8.06 (d, J=8.27Hz, 2H), 7.54–7.44 (m, 5H), 7.29–7.22 (m, 1H),
5.17 (s, 2H), 3.91 (s, 3H) ppm. 13C NMR (75.49MHz, CDCl3) δ 191.95,
166.74, 159.01, 141.48, 137.87, 130.23, 129.96, 129.89, 127.02,
124.00, 122.11, 113.15, 69.49, 52.16 ppm. MS (ESI, SQ), m/z (%):
271.1 [M+H]+, 293.2 [M+Na]+.

4.2.7. Methyl 4-((2- (tert-butyl)-6- formylphenoxy) methyl)benzoate (8)
(off white powder, yield 43%, m.p. 84 °C) 1H NMR (300MHz,

CDCl3): δ 10.30 (s, 1H), 8.11 (d, J=8.04 Hz, 2H), 7.75 (dd,
J=7.80 Hz, J=1.65 Hz, 1H), 7.64 (dd, J=7.81 Hz, J=1.62 Hz, 1H),
7.58 (d, J=8.04Hz, 2H), 7.21 (t, J=7.81 Hz, 1H), 5.12 (s, 2H), 3.94
(s, 3H), 1.44 (s, 9H) ppm. 13C NMR (75.49MHz, CDCl3): δ 190.16,
166.78, 161.26, 143.93, 141.53, 133.72, 129.99, 129.91, 128.36,
126.53, 124.37, 79.35, 52.18, 35.26, 30.86 ppm. MS (ESI) found m/z
349.14102 (calcd for C20H22O4: 349.14103 [M+Na]+). Anal. Calcd for
C20H22O4: C, 73.60; H, 6.79. Found: C, 74.32; H, 7.03.

4.2.8. Methyl 4-((4-formyl-2,6-dimethylphenoxy)methyl)benzoate (9)
(yellow powder, yield 94%, m.p. 82 °C) 1H NMR (400MHz, CDCl3):

δ 9.87 (s, 1H), 8.07 (d, J=8.4 Hz, 2H), 7.57 (s, 2H), 7.54 (d,
J=8.4 Hz, 2H), 4.92 (s, 2H), 3.92 (s, 3H), 2.33 (s, 6H) ppm. 13C NMR
(75.49MHz, CDCl3): δ 191.52, 166.69, 160.86, 141.99, 132.52,
132.07, 130.75, 129.66, 127.24, 73.25, 52.13, 16.46 ppm. MS (ESI)
found m/z 299.12793 (calcd for C18H18O4: 299.12779 [M+H]+). Anal.
Calcd for C18H18O4: C, 72.47; H, 6.08. Found: C, 71.92; H, 5.87.

4.2.9. Methyl 3-((2-formyl-6-methylphenoxy)methyl)benzoate (16)
(off white powder, yield 61%, m.p 45 °C) 1H NMR (300MHz,

CDCl3): δ 10.29 (s, 1H), 8.11 (s, 1H), 8.05 (d, J=7.75Hz, 1H), 7.70 (d,
J=7.66 Hz, 1H), 7.65 (d, J=7.66 Hz, 1H), 7.49 (t, J=7.66 Hz, 1H),
7.48 (d, J=7.66Hz, 1H), 7.18 (t, J=7.66 Hz, 1H), 5.01 (s, 2H) ppm.
13C NMR (75.49MHz, CDCl3): δ 190.12, 166.73, 159.87, 137.71,
136.67, 132.43, 130.65, 129.70, 129.49, 128.86, 126.92, 124.72,
52.25, 15.95 ppm. MS (ESI) found m/z 307.09402 (calcd for C17H16O4:
307.09408 [M+Na]+). Anal. Calcd for C17H16O4: C, 71.82; H, 5.67.
Found: C, 71.78; H, 5.88.

4.2.10. Methyl 3-((2-formylphenoxy)methyl)benzoate (17)
(white powder, yield 44%) 1H NMR (300MHz, CDCl3): δ 10.52 (s,

1H), 8.10 (s, 1H), 7.98 (d, J=7.63 Hz, 1H), 7.81(d, J=7.63 Hz, 1H),
7.63 (d, J=7.63Hz, 1H), 7.55–7.38 (m, 2H), 7.08–6.95 (m, 2H), 5.16
(s, 2H), 3.89 (s, 3H) ppm. 13C NMR (75.49MHz, CDCl3): δ 189.00,
166.27, 160.43, 136.37, 135.68, 131.43, 130.32, 129.08, 128.57,
128.15, 128.06, 124.81, 120.86, 112.71, 69.48, 51.87 ppm. MS (ESI,
SQ), m/z (%): 271.2 [M+H]+, 293.1 [M+Na]+.

4.2.11. Methyl 3-((3-formylphenoxy)methyl)benzoate (25)
(white powder, yield 41%) 1H NMR (300MHz, CDCl3): δ 9.95 (s,

1H), 8.12 (s, 1H), 8.01 (d, J=7.12Hz, 1H), 7.63(d, J=7.12 Hz, 1H),
7.53–7.40 (m, 4H), 7.31–7.17 (m, 1H), 5.13 (s, 2H), 3.91 (s, 3H) ppm.
13C NMR (75.49MHz, CDCl3) δ 192.02, 166.76, 159.06, 137.83,
136.81, 131.86, 130.57, 130.19, 129.33, 128.77, 128.54, 123.86,
122.06, 113.25, 69.55, 52.21 ppm. MS (ESI, SQ), m/z (%): 271.2 [M
+H]+, 293 [M+Na]+.

4.2.12. Methyl 3-((4-formylphenoxy)methyl)benzoate (18)
The title compound was obtained starting from 28 and 30 (white

powder, yield 51%) 1H NMR (300MHz, CDCl3): δ 9.83 (s, 1H), 8.09 (s,
1H), 7.98 (d, J=7.56Hz, 1H), 7.79 (d, J=8.32 Hz, 2H), 7.60 (d,
J=7.56 Hz, 1H), 7.43 (t, J=7.56 Hz, 1H), 7.04 (d, J=8.32Hz, 2H),
5.10 (s, 2H), 3.87 (s, 3H) ppm. 13C NMR (75.49MHz, CDCl3) δ 190.58,
166.50, 163.34, 136.53, 131.89, 131.81, 130.54, 130.23, 129.32,
128.76, 128.45, 115.05, 69.46, 52.10 ppm. MS (ESI, SQ), m/z
(%):271.2 [M+H]+, 293 [M+Na]+.

4.2.13. Methyl 4-((2-(tert-butyl)-6-formylphenoxy)methyl)-2-fluorobenzoate
(29)

(white powder, yield 50%, m.p. 70 °C) 1H NMR (400MHz, CDCl3): δ
10.26 (s, 1H), 8 (t, J=7.77 Hz, 1H), 7.74 (dd, J=7.63 Hz,
J=1.75 Hz, 1H), 7.65 (dd, J=7.87 Hz, J=1.75 Hz, 1H), 7.36 (d,
J=11.33 Hz, 1H), 7.32 (d, J=8Hz, 1H), 7.23 (t, J=7.6 Hz, 1H), 5.08
(s, 2H), 3.95 (s, 3H), 1.43 (s, 9H) ppm. 13C NMR (100.6MHz, CDCl3): δ
189.98, 164.61 (d, J=3.53Hz), 162.13 (d, J=261.3 Hz), 160.67,
144.05 (d, J=8.61Hz), 143.93, 133.8, 132.53, 129.91, 128.94,
124.54, 121.72 (d, J=3.49Hz), 118.06 (d, J=10.17 Hz), 114.99 (d,
J=23.88 Hz), 78.06, 52.37, 35.27, 30.85 ppm. 19F (376MHz, CDCl3):
δ −109.02 (dd, J=11.33 Hz, J=7.4 Hz) ppm. MS (APCI) found m/z
345.1497 (calcd for C20H21FO4: 345.1497 [M+Na]+).

4.2.14. General procedure for the coupling of trioxotetrahydropyrimidin
and the corresponding aldehydes to obtain: 1, 2, 3, 4, 10, 11, 12, 13, 19,
20, 21, 26 and 30 [57]

The corresponding aldehydes (3.5mmol), ethanol (10mL), distilled
water (10mL), and barbituric acid (3mmol) were refluxed overnight.
The formed solids were collected by sucking filtration and washed with
boiling water (3x15 mL), ethanol (3x15 mL), and ether (3x15 mL). The
solids obtained were dried in vacuum.

4.2.15. 8H-benzo[7,8]chromeno[2,3-d]pyrimidine-8,10(9H)-dione (1)
(orange powder, yield 46%, m.p. > 300 °C) 1H NMR (600MHz,

DMSO‑d6): δ 11.48 (s, 1H), 9.57 (s, 1H), 8.85 (d, J=8.28 Hz, 1H), 8.51
(d, J=9.45 Hz, 1H), 8.17 (d, J=8.28 Hz, 1H), 7.86 (d, J=9.45 Hz,
1H), 7.85 (t, J=8.28 Hz, 1H), 7.74 (t, J=8.28 Hz, 1H) ppm. 13C NMR
(150.9MHz, DMSO‑d6) δ 167.37, 161.20, 156.28, 154.27, 140.08,
138.20, 130.19, 129.59, 129.16, 129.04, 127.21, 122.98, 116.76,
114.51, 112.98 ppm. MS (ESI) found m/z 265.06097 (calcd for
C15H8N2O3: 265.06077 [M+H]+). Anal. Calcd for C15H8N2O3: C,
68.18; H, 3.05; N, 10.60. Found: C, 68.18; H, 3.12; N, 11.01.

4.2.16. 5-(3-acetylbenzylidene)pyrimidine-2,4,6(1H,3H,5H)-trione (2)
(yellow powder, yield 20%, m.p 231 °C) 1HNMR (300MHz,

DMSO‑d6): δ 11.45 (s, 1H), 11.29 (s, 1H), 8.63 (s, 1H), 8.35 (s, 1H),
8.21 (s, 1H), 8.06 (d, J=7.45Hz, 1H), 7.61 (t, J=7.45Hz, 1H), 2.61
(s, 3H) ppm. 13CNMR (75.49MHz, DMSO‑d6) δ 197.45, 163.05, 161.45,
153.38, 150.12, 136.74, 136.24, 133.11, 132.27, 130.80, 128.29,
120.13, 26.67 ppm. MS (ESI) found m/z 259.07166 (calcd for
C13H10N2O4: 259.07133 [M+H]+). Anal. Calcd for C13H10N2O4: C,
60.47; H, 3.90; N, 10.85. Found: C, 60.54; H, 3.86; N, 10.83.

4.2.17. 5-(3,4-dihydroxybenzylidene)pyrimidine-2,4,6(1H,3H,5H)-trione
(3)

(orange powder, yield 46%, m.p > 300 °C) 1H NMR (600MHz,
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DMSO‑d6): δ 11.21 (s, 1H), 11.09 (s, 1H), 10.39 (bs, 1H), 9.46 (bs, 1H),
8.195 (d, J=2.09 Hz, 1H), 8.121 (s, 1H), 7.63 (dd, J=8.51 Hz,
J=2.09 Hz, 1H), 6.86 (d, J=8.51Hz, 1H) ppm. 13C NMR (150.9MHz,
DMSO‑d6) δ 164.09, 162.14, 155.90, 152.25, 150.13, 144.74, 131.18,
124.16, 121.22, 115.26, 113.57 ppm. MS (ESI) found m/z 249.05086
(calcd for C11H8N2O5: 249.05060 [M+H]+). Anal. Calcd for
C11H8N2O5: C, 53.23; H, 3.25; N, 11.29. Found: C, 53.45; H, 3.21; N,
11.81.

4.2.18. 5-(anthracen-9-ylmethylene)pyrimidine-2,4,6(1H,3H,5H)-trione
(4)

(red powder, yield 54%, m.p > 300 °C) 1H NMR (400MHz,
DMSO‑d6): δ 11.57 (s, 1H), 11.17 (s, 1H), 9.01 (s, 1H), 8.63 (s, 1H),
8.12 (s, 2H), 7.97 (s, 2H), 7.52 (s, 4H) ppm. 13C NMR (75.46MHz,
DMSO‑d6) δ 162.28, 160.41, 151.20, 150.42, 130.50, 129.38, 128.57,
127.69, 127.55, 126.12, 125.42 ppm. MS (ESI) found m/z 317.009259
(calcd for C19H12N2O3: 317.09207 [M+H]+). Anal. Calcd for
C19H12N2O3: C, 72.15; H, 3.82; N, 8.86. Found: C, 72.12; H, 3.79; N,
8.72.

4.2.19. Methyl 4-((2-((2,4,6-trioxotetrahydropyrimidin- 5(2H)-ylidene)
methyl) phenoxy)methyl) benzoate (10)

(yellow powder, yield 64%) 1H NMR (300MHz, DMSO‑d6): δ 11.35
(s, 1H), 11.17 (s, 1H), 8.58 (s, 1H), 8.06–7.93 (m, 3H), 7.60 (d,
J=8.28 Hz, 2H), 7.50 (t, J=7.29 Hz, 1H), 7.16 (d, J=8.28 Hz, 1H),
7.01 (t, J=7.62Hz, 1H), 5.34 (s, 2H), 3.86 (s, 3H) ppm. 13C NMR
(150.9MHz, DMSO‑d6): δ 165.87, 163.22, 161.32, 157.64, 150.14,
149.65, 142.05, 133.71, 132.40, 129.28, 129.06, 127.32, 122.07,
119.93, 118.94, 112.39, 69.25, 52.06 ppm. MS (ESI, SQ), m/z
(%):381.3 [M+H]+.

4.2.20. Methyl 4-((3-((2,4,6- trioxotetrahydropyrimidin- 5(2H)-ylidene)
methyl) phenoxy) methyl) benzoate (11)

(yellow powder, yield 57%, m.p. 256 °C) 1H NMR (300MHz,
DMSO‑d6): δ 11.41 (s, 1H), 11.26 (s, 1H), 8.25 (s, 1H), 7.99 (d,
J=7.84 Hz, 2H), 7.91 (s, 1H), 7.71–7.57 (m, 3H), 7.405 (t,
J=8.10 Hz, 1H), 7.22 (d, J=8.10 Hz, 1H), 5.25 (s, 2H), 3.86 (s, 3H)
ppm. 13C NMR (75.49MHz, DMSO‑d6): δ 165.93, 163.27, 161.49,
157.43, 154.19, 150.07, 142.26, 133.84, 129.27, 129.12, 128.95,
127.47, 126.29, 119.32, 118.93, 118.6468.62, 52.06 ppm. MS (ESI)
found m/z 403.09000 (calcd for C20H16N2O6: 403.09006 [M+Na]+).
Anal. Calcd for C20H16N2O6: C, 63.16; H, 4.24; N, 7.37. Found: C,
63.23; H, 4.35; N, 7.56.

4.2.21. Methyl 4-((2-(tert-butyl)-6-((2,4,6- trioxotetrahydropyrimidin-
5(2H)- ylidene) methyl) phenoxy) methyl) benzoate (12)

(yellow powder, yield 14%, m.p. 184 °C) 1H NMR (300MHz,
DMSO‑d6): δ 11.33 (s, 1H), 11.19 (s, 1H), 8.34 (s, 1H), 7.99 (d,
J=8.08 Hz, 2H), 7.70 (d, J=7.85 Hz, 1H), 7.61 (d, J=8.08Hz, 2H),
7.48 (d, J=7.85Hz, 1H), 7.12 (t, J=7.85 Hz, 1H), 4.94 (s, 2H), 3.94
(s, 3H), 1.38 (s, 9H) ppm. 13C NMR (100.6MHz, DMSO‑d6): δ 165.88,
162.95, 161.14, 157.91, 150.35, 150.20, 142.04, 141.62, 130.30,
130.27, 129.21, 129.05, 127.75, 127.37, 122.78, 119.60, 76.96, 52.07,
34.64, 30.50 ppm. MS (ESI) found m/z 437.17087 (calcd for
C24H24N2O6: 437.17071 [M+H]+). Anal. Calcd for C24H24N2O6: C,
66.05; H, 5.54; N, 6.42. Found: C, 66.12; H, 5.53; N, 6.81.

4.2.22. Methyl 4-((2,6- dimethyl-4-((2,4,6- trioxotetrahydropyrimidin
-5(2H)- ylidene) methyl) phenoxy) methyl) benzoate (13)

(yellow powder, yield 73%, m.p. 281 °C) 1H NMR (400MHz,
DMSO‑d6): δ 11.35 (s, 1H), 11.20 (s, 1H), 8.19 (s, 1H), 8.02 (d,
J=8.26 Hz, 2H), 7.99 (s, 2H), 7.66 (d, J=8.26Hz, 2H), 5.00 (s, 2H),
3.87 (s, 3H), 2.97 (s, 6H) ppm. 13C NMR (100.6MHz, DMSO‑d6): δ
165.94, 163.54, 161.69, 159.16, 154.52, 150.11, 142.49, 135.17,
130.44, 129.24, 129.09, 128.26, 127.80, 117.32, 72.68, 52.07,
16.14 ppm. MS (ESI) found m/z 409.13950 (calcd for C22H20N2O6:

409.13941 [M+H]+). Anal. Calcd for C22H20N2O6: C, 64.70; H, 4.94;
N, 6.86. Found: C, 65.03; H, 4.76; N, 6.77.

4.2.23. Methyl 3-((2-methyl-6-((2,4,6-trioxotetrahydropyrimidin-5(2H)-
ylidene) methyl) phenoxy) methyl) benzoate (19)

(yellow powder, yield 46%, m.p. 198 °C) H1-NMR (600MHz,
DMSO‑d6): δ 11.31 (s, 1H), 11.12 (s, 1H), 8.33 (s, 1H), 7.97 (s, 1H),
7.91 (d, J=7.81 Hz, 1H), 7.76 (d, J=7.81 Hz, 1H), 7.65 (d,
J=7.51 Hz, 1H), 7.49 (t, J=7.81 Hz, 1H), 7.40 (d, J=7.51Hz, 1H),
7.71 (t, J=7.51 Hz, 1H) ppm. 13C NMR (150.9MHz, DMSO‑d6): δ
165.92, 162.98, 161.05, 156.62, 150.35, 150.21, 137.22, 134.71,
133.42, 130.73, 129.92, 129.84, 129.93, 128.90, 127.35, 123.25,
119.47, 75.37, 52.18, 15.85 ppm. MS (ESI) found m/z 395.12393 (calcd
for C21H18N2O6: 395.12376 [M+H]+). Anal. Calcd for C21H18N2O6: C,
63.96; H, 4.60; N, 7.10. Found: C, 63.45; H, 4.55; N, 7.01.

4.2.24. Methyl 3- ((2- ((2,4,6 -trioxotetrahydropyrimidin- 5(2H)-ylidene)
methyl) phenoxy) methyl) benzoate (20)

(orange powder, yield 56%, m.p. 200 °C) 1H NMR (300MHz,
DMSO‑d6): δ 11.46 (s, 1H), 11.27 (s, 1H), 8.68 (s, 1H), 8.17 (s, 1H),
8.10 (d, J=8.21 Hz, 1H), 8.04 (d, J=7.62 Hz, 1H), 7.85 (d,
J=7.33 Hz, 1H), 7.68 (t, J=7.59 Hz, 1H), 7.61 (t, J=7.87 Hz, 1H),
7.31 (d, J=8.50Hz, 1H), 7.116 (t, J=7.62 Hz, 1H) ppm. 13C NMR
(75.49MHz, DMSO‑d6): δ 165.90, 163.18, 161.30, 157.66, 150.15,
149.72, 137.38, 133.70, 132.38, 132.04, 129.81, 128.96, 128.59,
127.88, 122.08, 119.87, 118.92, 112.41, 69.20, 52.12 ppm. MS (ESI)
found m/z 381.10834 (calcd for C20H16N2O6: 381.10811 [M+H]+).
Anal. Calcd for C20H16N2O6: C, 63.16; H, 4.24; N, 7.37. Found: C,
63.16; H, 4.32; N, 7.12.

4.2.25. Methyl 3-((4-((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)
methyl) phenoxy) methyl) benzoate (21)

The title compound was obtained starting from 34 and 5 (yellow
powder, yield 71%, m.p. 227 °C) 1H NMR (300MHz, DMSO‑d6): δ
11.33 (s, 1H), 11.20 (s, 1H), 8.37 (d, J=8.34Hz, 2H), 8.26 (s, 1H),
7.95 (d, J=7.47 Hz, 1H), 7.77 (d, J=7.60 Hz, 1H), 7.58 (t,
J=7.60 Hz, 1H), 7.16 (d, J=8.34 Hz, 2H), 5.34 (s, 2H), 3.87 (s, 3H)
ppm. 13C NMR (75.45MHz, DMSO‑d6): δ 165.93, 163.798, 162.18,
162.06, 154.74, 150.12, 137.31, 137.14, 132.46, 129.83, 128.99,
128.72, 128.22, 125.40, 115.71, 114.60, 68.88, 52.14 ppm. MS (ESI)
found m/z 381.10818 (calcd for C20H16N2O6: 381.10811 [M+H]+).
Anal. Calcd for C20H16N2O6: C, 63.16; H, 4.24; N, 7.37. Found: C,
62.39; H, 4.63; N, 7.24.

4.2.26. Methyl 3-((3-((2,4,6-trioxotetrahydropyrimidin- 5(2H)- ylidene)
methyl) phenoxy) methyl) benzoate (26)

The title compound was obtained starting from 33 and 5 (yellow
powder, yield 17%, m.p. 158 °C) 1H NMR (300MHz, DMSO‑d6): δ 11.40
(s, 1H), 11.25 (s, 1H), 8.25 (s, 1H), 8.06 (s, 1H), 7.93–7.83 (m, 2H),
7.75 (d, J=7.54 Hz, 1H), 7.66 (d, J=7.95 Hz, 1H), 7.57 (t,
J=7.54 Hz, 1H), 7.41 (t, J=7.95 Hz, 1H), 7.22 (d, J=8.37Hz, 1H),
5.24 (s, 2H), 3.87 (s, 3H) ppm. 13C NMR (150.9MHz, DMSO‑d6): δ
165.96, 163.26, 161.48, 157.49, 154.24, 150.05, 137.57, 133.85,
132.32, 129.79, 129.11, 128.94, 128.55, 128.06, 126.19, 119.32,
118.89, 118.73, 68.67, 52.11 ppm. MS (ESI) found m/z 381.10840
(calcd for C20H16N2O6: 381.10811 [M+H]+). Anal. Calcd for
C20H16N2O6: C, 63.16; H, 4.24; N, 7.37. Found: C, 63.19; H, 4.29; N,
7.14.

4.2.27. Methyl 4-((2- (tert-butyl)-6-((2,4,6- trioxotetrahydropyrimidin-
5(2H)- ylidene) methyl) phenoxy) methyl) −2-fluorobenzoate (30)

(yellow powder, yield 39%, m.p. 210 °C) 1H NMR (400MHz,
DMSO‑d6): δ 11.31 (s, 1H), 11.18 (s, 1H), 8.31 (s, 1H), 7.93 (t,
J=7.61 Hz, 1H), 7.68 (d, J=7.51Hz, 1H), 7.47 (d, J=6.85 Hz, 1H),
7.42 (d, J=7.71Hz, 1H), 7.41 (d, J=11.98 Hz, 1H), 7.12 (t,
J=7.81 Hz, 1H), 4.93 (s, 2H), 3.87 (s, 3H), 1.37 (s, 9H) ppm. 13C NMR
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(100.6MHz, DMSO‑d6): δ 163.64 (d, J=3.08Hz), 162.9, 161.09,
160.8 (d, J=257.47 Hz), 159.51, 157.62, 150.178, 150.102, 144.66
(d, J=8.52 Hz), 141.58, 131.89, 130.23, 130.23, 127.71, 122.87,
119.77, 117.28 (d, J=10.43 Hz), 115.35 (d, J=23.26 Hz), 76, 52.27,
34.62, 30.52 ppm. 19F (376MHz, DMSO‑d6): δ −110.47 (dd,
J=11.98 Hz, J=7.52 Hz) ppm. MS (ESI) found m/z 455.1621 (calcd
for C24H23FN2O6: 455.1613 [M+H]+).

4.2.28. General procedure for the synthesis of benzoic acid derivatives: 14,
22, 23, 24 [42]

To a stirred solution of 10, 19, 20, and 21 (5.55mmol) in 1,4-di-
oxane/methanol/water (1:1:1) (30mL), 2M NaOH (5.55mL,
11.10mmol) was added dropwise. After 5 h the mixture was acidified to
pH 3 with 1M HCl, the organic phase was evaporated, the residue was
dissolved in ethyl acetate (50mL), washed with 10% citric acid (2x20
mL) and brine (2x15 mL), dried over Na2SO4, and concentrated under
reduced pressure.

4.2.29. 4-((2-((2,4,6-trioxotetrahydropyrimidin-5(2H) ylidene) methyl)
phenoxy) methyl) benzoic acid (14)

(yellow powder, yield 53%) 1H NMR (600MHz, DMSO‑d6): δ 12.97
(bs, 1H), 11.33 (s, 1H), 11.16 (s, 1H), 8.58 (s, 1H), 8.05 (d, J=8.79 Hz,
1H), 7.97 (d, J=8.44Hz, 2H), 7.57 (d, J=8.44Hz, 2H), 7.49 (t,
J=8.79 Hz, 1H), 7.17 (d, J=8.79 Hz, 1H), 7.00 (t, J=8.79 Hz, 1H)
ppm. 13C NMR (150.9MHz, DMSO‑d6) δ 166.91, 163.23, 161.32,
157.67, 150.14, 149.65, 141.55, 133.71, 132.40, 130.40, 129.41,
127.16, 122.03, 119.88, 118.92, 112.35, 69.28 ppm. MS (ESI, SQ), m/z
(%): (389.1) [M+Na]+.

4.2.30. 3-((2-methyl-6-((2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)
methyl)phenoxy) methyl) benzoic acid (22)

(yellow powder, yield 59%, m.p 234 °C) 1H NMR (600MHz,
DMSO‑d6): δ 11.32 (s, 1H), 11.14 (s, 1H), 8.39 (s, 1H), 7.98 (s, 1H),
7.91 (d, J=7.82Hz, 1H), 7.79 (d, J=7.82 Hz, 1H), 7.65 (d,
J=7.41 Hz, 1H), 7.49 (d, J=7.82 Hz, 1H), 7.41 (d, J=7.41Hz, 1H),
7.10 (t, J=7.41Hz, 1H), 4.90 (s, 2H), 2.30 (s, 3H) ppm. 13C NMR
(150.9MHz, DMSO‑d6): δ 166.91, 162.98, 161.06, 156.66, 150.15,
136.98, 134.65, 132.78, 130.88, 130.64, 129.88, 129.16, 128.98,
128.61, 127.12, 123.17, 119.52, 75.48, 15.74 ppm. MS (ESI) found m/z
403.09021 (calcd for C20H16N2O6: 403.09006 [M+Na]+).

4.2.31. 3-((2-((2,4,6-trioxotetrahydropyrimidin-5(2H) ylidene) methyl)
phenoxy) methyl) benzoic acid (23)

(yellow powder, yield 49%, m.p. 242 °C) 1H NMR (600MHz, DMSO-
6D): δ 11.31 (s, 1H), 11.13 (s, 1H), 8.55 (s, 1H), 8.2 (s, 1H), 7.99 (d,
J=8.05 Hz, 1H), 7.91(d, J=7.47 Hz, 1H), 7.71(d, J=8.05Hz, 1H),
7.54 (t, J=8.05 Hz, 1H), 7.50 (t, J=7.47 Hz, 1H), 7.19 (d,
J=8.38 Hz, 1H), 7.00 (t, J=7.47 Hz, 1H) ppm. 13C NMR (150.9MHz,
DMSO-6D): δ 167.00, 163.25, 161.36, 157.81, 150.18, 149.75, 137.18,
133.80, 132.49, 131.76, 131.03, 128.84, 128.26, 122.06, 119.87,
118.90, 112.46, 69.44 ppm. MS (ESI) found m/z 367.09259. calcd for
C19H14N2O6: 367.09246 [M+H]+. Anal. Calcd for C19H14N2O6: C,
62.30; H, 3.85; N, 7.65. Found: C, 62.32; H, 3.90; N, 7.58.

4.2.32. 3-((4-((2,4,6-trioxotetrahydropyrimidin −5(2H) ylidene) methyl)
phenoxy) methyl) benzoic acid (24)

(yellow powder, yield 61%, m.p. 289 °C) 1H NMR (600MHz, DMSO-
6D): δ 11.30 (s, 1H), 11.17 (s, 1H), 8.37 (d, J=9Hz, 2H), 8.26 (s, 1H),
7.93 (d, J=7.79Hz, 1H), 7.73 (d, J=7.79 Hz, 1H), 7.55 (t,
J=7.79 Hz, 1H), 7.16 (d, J=9Hz, 2H), 5.33 (s, 2H), 2.09 (s, 3H) ppm.
13C NMR (150.9MHz, DMSO‑d6): δ 166.98, 163.77, 162.22, 162.03,
154.74, 150.08, 137.28, 136.90, 132.01, 130.99, 128.85, 128.79,
128.38, 125.38, 115.71, 114.61, 68.99 ppm. MS (ESI) found m/z
367.09265 (calcd for C19H14N2O6: 367.09246 [M+H]+). Anal. Calcd
for C19H14N2O6: C, 62.30; H, 3.85; N, 7.65. Found: C, 62.12; H, 3.91; N,
7.43.

4.3. Biological part

4.3.1. In vitro human leukocyte trafficking assays.
Leukocyte trafficking assays were conducted as described previously

[75,76]. Briefly, human umbilical vein endothelial cells (HUVECs) were
isolated by collagenase treatment of umbilical veins and maintained
(passages 2–4) in Medium 199 containing 10% FCS, 15 ug/mL en-
dothelial cell growth supplement (Upstate Biotechnology), 100 ug/mL
heparin, and 50 uM hydrocortisone. For the flow assays, HUVECs were
cultured after maximum of 3–5 passages in chamber slides (m-slide VI
0.1 ibiTreat, IBIDI), previously coated with 0.2% gelatin [76–78]
(Sigma-Aldrich and 1mg/ml Collagen G (Biochrom AG) for 2–3 days
and then treated for 24 h with acute or chronic inflammation protocols
using tumor necrosis factor α (TNF- α) at 1000 U/mL alone or in
combination with interferon γ(IFN γ), at 500 U/ml for chronic in-
flammatory protocols. The compounds to be tested and leukocytes were
added at 30 μM (Supporting Information Fig. S1A). Monocytes, T lym-
phocytes, and B lymphocytes were purified from EDTA blood collected
from healthy donors using Ficoll gradients and negative selection kits
(Miltenyi Biotec) for those types of cells. The slides containing the
cultured HUVEC monolayers were then mounted to a flow system set at
37 °C and flow was generated over the HUVEC monolayer by perfusing
a wash medium or a medium containing the leukocyte suspension using
a calibrated pump (Supporting Information Fig. S1B). The flow rate,
expressed as a measurement of shear stress, was representative of small
venules/capillaries (0.05 Pascal (Pa)). The first stage of the assay was a
washing procedure, where the wash buffer was perfused over the HU-
VECs for 10min (Supporting Information Fig. S1C, step 1). For chronic
activation protocols, an additional flow step of 15min with wash buffer
containing 1 µM of CXCL12 for T cell assays and 1 µM CXCL13 for B cell
assays. Wash buffer was then perfused over the HUVECs for 10min to
remove unbound chemokine, before purified leukocytes were perfused
over the HUVECs for 5min (Supporting Information Fig. S1C, step 2),
followed by 45min with wash buffer (Supporting Information Fig. S1C,
step 3). Throughout steps 2–3, images of the captured leukocytes under
flow are made using phase-contrast microscopy, and a high-resolution
camera. Individual images are recorded every 30 s and compiled into
movie sequences, allowing analysis of individual leukocytes over large
areas. Leukocytes adherent to the surface of the HUVECs have a phase-
white appearance, whereas those that have transmigrated have a phase-
black appearance. For individual cell tracking, the phase appearance of
each leukocyte was marked at 1-minute intervals in defined areas by
running the movies forth and back multiple times [44].

Adhesion events were recorded as the total number of cells per unit
field (mm2). Transmigration events are presented as a percentage of
total leukocytes captured from flow per unit field. All experiments were
carried out using triplicate fields and are presented as a mean value
with+ standard error measurements (+SEM). Statistical analyses as-
sume parametric distributions, and are conducted using Student’s t-test.
P values from significance scores are presented in the figures as follows:
* P < 0.05, ** P < 0.01, *** P < 0.005 [44].

4.4. Cell cultures

Jeko-1 and PC12 cells were grown in RPMI 1640 medium (11.1 mM
glucose) supplemented with 10% FCS, 1% glutamine, and antibiotics
(100 μg/mL penicillin, 100 μg/mL streptomycin) at 37 °C in a 5% CO2
humidified atmosphere. HeLa cells were grown in DMEM, 22.5mM
glucose, 10% FCS, 1% glutamine, and antibiotics (100 μg/mL penicillin,
100 μg/mL streptomycin) at 37 °C in a 5% CO2 humidified atmosphere.

4.5. Cell lysate preparation.

4.5.1. Lysis of suspension culture (Jeko-1 cell line)
Cells were grown to a density of 2 million cells/mL. Thereafter, cells

were centrifuged (300g for 5min) in a conical tube for 5min at room
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temperature. The obtained pellet was washed with 10mL of ice cold
PBS and then spun for an additional time (300g for 5min). PBS was
aspirated from the tube supernatant. RIPA Lysis buffer (50 µL) with
protease inhibitor mix was added per 1× 106 cells. The lysates were
kept on ice for 15min and then sonicated by Branson Digital Sonifier®
set at 50% amplitude) three times for two seconds, each with at least a
1min rest on ice between each two-second pulse. Thereafter, the lysates
were incubated for an additional 15min on ice and centrifuged at
13,000g for 5min at 4 °C. The protein concentration was determined by
the bicinchoninic acid method. Aliquots were stored at −20 °C.

4.5.2. Lysis to adherent cells (HeLa cell line)
HeLa cells were grown to approximately 80% confluence. After the

medium was aspirated, the dishes were kept on ice for all the lysis
preparation steps. Cells were washed one time with 10mL of ice cold
PBS. An excess of PBS was aspirated. Then 500 µL of RIPA lysis buffer
with protease inhibitor mix was added to each plate and the buffer was
swirled very well for an equal distribution of the buffer. Afterwards, cell
scraper cells were scraped and transferred to a 15mL test tube. The
obtained lysates were incubated on ice for 15min and sonicated by
Branson Digital Sonifier (at 50% amplitude) three times for two seconds
each with at least 1min rest on ice between each two-second pulse.
Thereafter, the lysates were centrifuged at 13,000g for 5min at 4 °C.
The supernatant was collected into new microtubes. The protein con-
centration was determined by the bicinchoninic acid method. Aliquots
were stored at −20 °C.

4.6. Determination of MAdCAM-1 binding affinity in the presence of
compound 12 by the EIAab® ELISA kit

This immunoassay kit allows for the in vitro quantitative determi-
nation of human hMAdCAM-1 concentrations in serum, plasma, tissue
homogenates, and cell culture supernates. The plate provided in this kit
was pre-coated with an antibody specific to hMAdCAM-1. HeLa cell
lysates (50 µg of total protein) were placed in each well. The lysates
were incubated with compound 12 or DMSO on ice with gentle shaking
for 30min. Thereafter, the samples were treated with kit reagents and
processed according to the kit manufacturer’s instructions. Finally, the
optical density of each well was detected using a micro plate reader at
450 nm.

4.7. Determination of JAM-C binding affinity in the presence of compound
12 by the RayBio® human JAM-C ELISA kit

Jeko-1 cell lysates were used for the assay. First, 50 µg of total
protein was placed in each well. The lysates were incubated with
compound 12 or DMSO on ice with gentle shaking for 30min. The
RayBio® Human JAM-C ELISA kit was used for determining the possible
inhibitory effect of compound 12 on JAM-C binding. This assay em-
ploys an antibody specific for human JAM-C coated on a 96-well plate.
After the pre-incubation with compound 12, lysates were processed
according to the kit manufacturer’s instructions. Finally, the optical
density of each well was detected using a micro plate reader at 450 nm.

4.8. Determination of VCAM-1 binding affinity in the presence of compound
12 by the human VCAM-1 ELISA Kit

The assay was conducted as we described above (MAdCAM-1
assay).

4.9. Determination of β integrins mediated Jaco-1 cell adhesion in the
presence of compound 12 by the β Integrin-Mediated cell adhesion Kit

The assay was conducted as we described in manufacturer protocol
for dispersed cells.

4.10. 19FNMR of compound 30 in HeLa and PC12 cells lysates

Cells were cultured as described above in Petri dishes. Compound
30 (2 mg in 100 µL of DMSO) was introduced into the medium (12mL)
Control cells received only 100 µL of DMSO. The cells were incubated
for 30min. The medium was taking out by vacuum aspiration. The cells
were washed with PBS (room temperature) 10mL×3 times. The cells
were lysed with hypertonic lysis buffer (0.1M, Tris, pH=8.8; 0.15M,
NaCl, 0.25% SDS in water, 200 µL per plate). The obtained lysates were
centrifuged in 13.500 rpm for 20min at 4 °C. The obtained lysates were
taken into NMR tubes. The 300 µL of D2O were added to each tube and
19FNMR measurements were conducted.

4.11. Methylcellulose-based suspension

1% methyl cellulose in double distillated water (DDW) solution was
prepared by adding 0.5 g methyl cellulose into 50mL of DDW and
stirring the solution at the lowest possible speed (without making
bubbles) overnight at room temperature. Compound 12 stock solution
was prepared at a concentration of 20mg/mL at room temperature
following an established protocol: First, 30mg of the compound were
placed in a glass vial together with a small magnet. Thereafter, 1.5mL
of 1% methylcellulose were added by very slow circular swirling
movements. The entire surface of the vial was gently covered by the
solvent and powder was not allowed to float above the liquid. The re-
sulting suspension was stirred at the lowest possible speed up to 48 h at
room temperature. An intermediate stock solution of compound 12 at a
10mg/mL concentration was prepared by diluting the obtained stock
solution (adding the stock solution directly to equal amounts of DDW).
The obtained stock solution was stirred at the lowest possible speed for
another hour at room temperature. Finally, a compound 12 working
solution at 3mg/mL was prepared by diluting an intermediate stock
solution (v/v) with DDW accordingly. The working solution of com-
pound 12 (gentle suspension) was stirred at a low speed
(~80–100 rpm) for 30min − 1 h prior to use in the animal experi-
ments. The working solution of the compound (3mg/mL) was prepared
on the day that the experiment starts. Compound 12 is stable for at least
7 days at a 10mg/mL concentration, while constantly being stirred at
room temperature.

4.12. Animals

Mice were handled according to the regulations formulated by the
Israel Animal Care and Use Committee (Ministry of Health) and the
University Medical Center, University of Geneva (Geneva, Switzerland).
All experiments were approved by the Animal Care Committee of
Geneva and by the Swiss National Veterinary Law. In Israel all ex-
periments were approved by the Animal Care Committee of the
Ministry of Health.

4.13. Acute toxicology

Eight experimental groups with 5 female 6–7-week-old C57BL mice
each and one control group were used for the experiment. Mice were
injected using compound 12 or a suitable control using a methylcellu-
lose formulation. Mice from all experimental groups were observed for
a possible change in their behavior: immediately post-dosing and fol-
lowing 2 h post-administration. Mice from all groups were euthanized
with isoflurane 24 h after the last administered dose. Sampling for WBC
and White Blood Differentiation: 200 µL of whole blood were collected
into EDTA tubes (Greiner MiniCollect K3EDTA tubes). The remaining
whole blood (300–400 µL) was collected for serum preparation (Greiner
MiniCollect Z Serum Tubes). All blood tests were conducted in
American Medical Labs, Herzeliah, Israel. Liver, spleen, lungs, heart,
and kidneys were collected from each mouse and placed into vials with
4% buffered formalin for future preparation of paraffin blocks. Sections
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from each organ of each animal were stained with H&E and histological
evaluation of the tissue was performed for identification of macrosigns
of possible toxicity.

4.14. Chronic toxicology (GLP guided experiment)

The experiment was conducted by the “Science and Action” com-
pany according to GLP protocol. The data and detailed protocol are
presented in the SI.

4.15. IBD mouse model

Female 7–8-week-old C57BL mice were treated with 1.5% dextran
sodium sulfate in drinking water. Compound 12 was administered as
described. Determination of the individual body weights of animals was
made prior to each dosing and the administered volume was adjusted.
During the administration of the test compound, the mouse body
weights were measured daily. The DAI score was monitored daily, ac-
cording to criteria mentioned in Table 1. Mice from all groups were
euthanized with isoflurane 24 h after administering the last dose. The
colon was collected from each mouse from all groups, filled with 4%
buffered formalin, and the colon length was measured.

4.16. MS mouse model

Female 7–8-week-old C57BL mice were treated with OG35-55/CFA
according to the standard protocol [79]. After the onset of EAE, mice
were assigned to the groups (treated and untreated as described). The
body weight of animals was determined prior to starting the experiment
and the administered volume of the formulation of compound 12 was
adjusted according to the body weight during the experiment; the body
weight was measured daily. The severity of the EAE score was mon-
itored daily, according to criteria mentioned in Table 2. Mice from all
groups were euthanized with isoflurane 24 h after the last administered
dose.

4.17. The High-Fat Diet-Induced NAFLD mouse model.

C57BL/6 male mice were fed ad libitum a high-fat diet, no high-
carbohydrate diet (modified western diet, WD) with 42% kcal from fat
containing 0.1% cholesterol (Harlan TD.88137) with normal water
(without high fructose-glucose solution) for 14 weeks prior to initiating
the treatment. Control mice were fed a standard chow diet (CD, Harlan
TD.7012) with normal water (NW). A working formulation of com-
pound 12 was administered on the 85th day of the high-fat diet (15mg/
kg, for SC and IP using a 30mg/kg q3w regimen for PO along with a qd
regimen) to a mock-treated (vehicle) control group by IP injections at
the same volume and regimen as a correspondingly treated group for
65 days. The body weight of animals was determined prior to initiating
the treatment and the administered volume of compound 12 was ad-
justed according to the body weight. All animals were euthanized 24 h
after the last administered dose. At necropsy, liver and mesenteric fat
wet weights were determined. Liver and mesenteric fat were fixed with
4% buffered formalin, embedded in paraffin sections, and H&E stained.
Steatohepatitis was defined by the presence of steatosis, inflammation,
and hepatocellular ballooning, according to the fatty liver inhibition of
progression (FLIP) algorithm. The severities of steatosis, lobular in-
flammation, and hepatocellular ballooning were scored using the
NASH-Clinical Research Network (CRN) criteria. The NAFLD activity
score (NAS) was calculated by adding the scores of steatosis (the
maximum score was 3). It is defined by more than 66% of hepatocytes
containing fat droplets; lobular inflammation (the maximum score of 3)
is defined by> 4 foci/200 field; hepatocyte ballooning (the maximum
score of 2) is defined by many cells or prominent ballooning. Ordinary
one-way ANOVA statistical analysis was performed.

4.18. Collagen-Induced arthritis (CIA) model in DBA/1 Mice

Male DBA/1 mice (7–8 weeks of age) were injected with CII (Type II
collagen)+CFA (complete Freund's adjuvant) emulsion on day 0 (SC)
to stimulate CIA [80]. On day 21, the animals received the same
amount of the emulsion as a booster. Twice between days 0 and 18 after
immunization (before enrollment begins), both hind paws of all mice
were measured using calipers to establish the baseline values for paw
thickness. On day 22 the mice were enrolled into groups when they first
exhibited paw swelling and treatment was initiated. A compound 12
was administered by IP injections at 15mg/kg dose using the q3w re-
gimen. The mock-treated (vehicle) control group was administered IP
with the same volume and regimen as the treatment group. Adminis-
tration was performed at a constant volume dosage based on individual
body weight. The severity of CIA was monitored daily. The CIA scoring
is on a scale of 0 to 16 (0 to 4 for each paw, adding the scores for all 4
paws). On day 43 (24 h after the last administered dose), all paw
thicknesses were measured and the mice were euthanized. All limbs
from each mouse were placed in individually labeled tubes, fixed in 4%
buffered formalin, paraffin embedded, and sectioned. The histological
score was assessed using H&E stained sections. Joints were scored for
inflammation, cartilage damage, pannus formation, and bone resorp-
tion on a scale of 0 to 3 for each readout. Two-way ANOVA statistical
analysis was performed.

4.19. Docking

Prior to docking, the protein (PECAM-1 IgL1-2 trans-homophilic
dimer, PDB code: 5GNI) was prepared using the prepared protein pro-
tocol, as implemented in Maestro (Schrödinger, USA) to assign the
correct protonation states to titrate-able residues. The structures of the
active (12, 26, 4, 11, 13, 23, and 24) and inactive compounds (1, 2, 3,
14, and 22) were processed by Ligprep as implemented in Maestro, to
assign correct protonation states at a physiological pH. Prior to docking,
potential druggable binding sites in PECAM-1 were identified using
SiteMap. Five possible binding sites were identified (Fig. 14A). Grid
boxes were centered on the identified sites. Docking of all compounds
to all sites was performed using the induced fit docking (IFD) protocol
in which residues within 10 A˚ of any of the resulting top 20 ligand
poses (from the initial docking) were subjected to a conformational
search and minimization, whereas residues outside the region were kept
fixed [81–83]. The IFD score consists of GlideScore SP+0.05×Pri-
meEnergy [83]. The resulting poses from the docking procedure were
sorted by the IFD score and subjected to enrichment calculation, as
implemented in Maestro to produce ROC curves. These plots were used
to rank the different binding sites in terms of their ability to distinguish
between active and inactive compounds.

4.20. PK study

Twelve C57 black mice received compound 12, PO (gavage, 50mg/
kg) in DMSO 70 µL per mice. Three mice received only DMSO and were
used as a control for zero time point. At time 30min, 2.5 h, 6 h and 9 h,
three mice per time point were euthanized and whole blood was taken
from heart aspiration. The blood was centrifuged for 2000 rpm/10min.
Plasma was treated by acetonitrile (70 µL per y 200 µL of plasma) and
extracted by chloroform (4mL per 1mL of plasma). Chloroform was
transferred to a clean tube and evaporated until dryness. The obtained
residue was dissolved in 100 µL of DMSO and injected to LC-MS.
Spiking and calibration curve were generated using plasma of the non-
treated mice.

5. Patent

All data described in the manuscript are protected by patent appl.
No. 62/552,491.
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