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Condensed polycyclic heteroaromatic cations bearing a bridgehead nitrogen with pyridazino[1/,6:1,2]
pyrido[3,4-bJindolinium and pyridazino[1,6-a]benzimidazolium structures were assayed as inhibitors of
LPS-induced TNF-o. production by THP-1 cells. The hit compound 1e, which had the best IC5¢ value
(4.49 uM) and low toxicity, was further assayed on human PMBCs (IC5¢ 3.91 uM) and monocytes (ICsg
1.82 pM). This compound also inhibited TNF-a production following poly I:C stimulation of human

monocytes and monocyte-derived dendritic cells; in the latter case, inhibition of IL-12 production was
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also observed. Compound 1e was also able to inhibit TNF-a expression at the transcriptional level and
proved to be effective in vivo. Compound 1e is an interesting potential therapeutic agent in IMIDs.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Inflammation is a complex and dynamic physiological process
that occurs in response to cell or tissue damage and is an attempt to
defend the body against external aggression. However, chronic
inflammation may be pathological. Inmune-mediated inflamma-
tory disorders (IMIDs) are lifelong conditions that cause substantial

Abbreviations: AP, activation protein; BBDECI, 1,5-bis-[N-benzyl-N,N-dieth-
ylammonium)-3-oxapentane dichloride; CBA, cytometric bead array; DC, dendritic
cell; IMIDs, immune mediated inflammatory diseases; JNK, c-Jun N-terminal ki-
nase; LPS, lipopolysaccharide; MSH, O-(mesitylsulfonyl)hydroxylamine; puW, mi-
crowaves; NF-kB, nuclear factor kB; PBMCs, peripheral blood mononuclear cells;
RT-PCR, real-time polymerase chain reaction; SD, supplementary data; TACE, TNF-a.
converting enzyme; TNF, tumour necrosis factor; TNFR, tumour necrosis factor
receptor; T2D, type 2 diabetes.
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morbidity and disability [1]. Tumour necrosis factor alpha (TNF-a)
is a potent multifunctional cytokine that plays a pivotal role in the
inflammatory response and it is mainly secreted by macrophages
upon stimulation by danger signals or bacterial products such as
lipopolysaccharides (LPS) [2]. TNF-a is involved in the regulation of
a broad spectrum of biological processes such as cell proliferation,
differentiation, apoptosis, and lipid metabolism [3]. TNF-a stimu-
lates angiogenesis and, in combination with other proinflammatory
cytokines, can provoke alterations in endothelial cells leading to
several pathologies involving the microvasculature. Given its
involvement as a master regulator of other inflammatory cytokines,
TNF-a has been postulated to be the most important cytokine in the
pathogenesis of IMIDs [4], including autoimmune diseases, insulin
resistance, and cancer [5].

There is evidence to suggest that chronic inflammation has a
pathological role in obesity and type 2 diabetes (T2D). Interactions
between the inflammatory response and metabolism take place
preferentially in adipose tissue, which is composed of adipocytes
and immune cells such as macrophages [6]. TNF-a protein is also
highly expressed in the adipose tissue of obese animals or humans
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with T2D and it contributes significantly to insulin resistance,
because the administration of recombinant TNF-o results in a
resistance to insulin action [7]. Furthermore, a blockade of the
biochemical, genetic, or pharmacological actions of TNF-a results in
greatly increased insulin sensitivity [8]. Therefore, inhibition of the
over-expression of TNF-o. might be an effective strategy for the
prevention and treatment of metabolic and immune-mediated
diseases.

Inhibition of TNF-o activity by humanised monoclonal anti-
bodies or soluble receptors has been effective in treating IMIDs,
thus supporting the pivotal role of TNF-o in the pathogenesis of
these diseases [4,9]. Despite the success achieved with biological
drugs, their requirement of delivery by injection and the associated
high costs have limited their use. Moreover, these biotechnological
drugs are immunogenic, and some patients who receive long-term
treatment will develop anti-drug antibodies, which in turn will lead
to a loss of response [10]. Although synthetic antibodies such as

etanercept, infliximab, and adalimumab have been approved for
the treatment of inflammatory diseases by direct inhibition of TNF-
a, small-molecule inhibition to block either the function or the
production of TNF-o. may prove to be an alternative solution. This
challenging field is still in its infancy and efforts have typically been
limited to inhibitors of the processing TNF-a converting enzyme
(TACE), i.e., uncharacterised inhibitors of TNF-a. expression or cell-
based assays, and intracellular pathway inhibitors that antagonise
nuclear factor kB (NF- kB), activation protein 1 (AP 1), or c-Jun N-
terminal kinase (JNK)/p38 signal transduction [11]. To date, very
few molecule-based inhibitors have been reported for the inhibi-
tion of in vitro TNF receptor 1 (TNFR1) binding to TNF-a, which is an
interesting new approach that involves protein—protein binding
inhibition [12,13]. Some inhibitors bearing quinazolinone [14,15],
quinuclidine, or quinolizine [16] frameworks proved to bind TNF-a
in silico. The strongest small-molecule TNF-o inhibitor reported to
date, SPD304, promotes subunit disassembly of this trimeric
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Fig. 1. General chemical structures of 1 and 2 and some TNF-a inhibitors. Indole-coumarin (SPD304), an inhibitor of TNFR1 binding to TNF-a, isoindolo[2,1-a]quinazolinedione
(bottom left) and isoquinolino[2,1-a]quinazolinone (bottom right), inhibitors of TNF-o. production.
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cytokine [17] (Fig. 1).

Herein we report on a study on the anti-inflammatory potency
of a series of new and known pyridazino[1’,6’:1,2]pyrido[3,4-b]
indolinium salts 1 and pyridazino[1,6-a]benzimidazolium salts 2
(Fig. 1). The anti-inflammatory effect was measured by the inhibi-
tion of LPS-induced TNF-o. production. Furthermore, the in vivo
anti-inflammatory effect of a selected inhibitor was also analysed.

2. Chemistry

The designed structures were divided into two classes: pyr-
idazino[1/,6':1,2]pyrido[3,4-b]indolinium salts 1 and pyridazino
[1,6-a]benzimidazolium salts 2. We previously described the syn-
thesis of these types of compounds. Some of the examples proved
to be DNA-intercalators and cytotoxic agents against leukaemia
L1210 and colon carcinoma HT-29 cell lines [18,19]. We previously
described compounds 1a—d and 1f,g, and they were re-synthesised
in this study (Scheme 1) [18]. Experimental procedures and spec-
troscopic and analysis data for these compounds and their in-
termediates are provided in the supplementary data (SD) appendix.
The starting materials were the commercially available B-carbo-
line-type natural products harmane (3), harmol (4), and harmine
(5). The reaction sequence was a combination of N-alkylation or N-
acylation at the azole nitrogen, N-amination at the azine nitrogen
and Westphal condensation with a 1,2-diketone. The carbocyclic
ring of harmane (3) was functionalised by electrophilic aromatic
substitution and the hydroxyl group of harmol (4) was alkylated by
Williamson reaction.

A similar synthetic strategy was applied to the preparation of
other compounds in this series (Scheme 2). Compound 1h was

Harmine (5)

“

prepared by alkylation with 1,3-diiodopropane from 8, which was
synthesised as reported earlier (see SD) [18]. Compound 1i was
prepared by acidic hydrolysis of 1f. Compound 9 was obtained by
alkylation of harmine (5) using phase-transfer catalysis (PTC)
conditions [20] followed by treatment with O-(mesitylsulfonyl)
hydroxylamine (MSH) to give 10 (see SD). Subsequent basic
condensation with acenaphthoquinone gave 1j. Treatment of
compound 9 with copper(Il) acetate gave the dimeric compound 11.
Subsequent amination to give 12 followed by basic condensation
with hexane-3,4-dione yielded 1k.

The series of pyridazino[1,6-a]benzimidazolium salts 2 was
prepared from 2-methyl-benzimidazole (13) in a reaction sequence
that involved N-alkylation, N-amination, and basic condensation
with acenaphthoquinone. Compounds 14 and 15 were prepared as
reported previously [19,21]. Acidic hydrolysis provided 2a and 2b,
respectively. The reaction of 2a with thionyl chloride gave 16 [22],
which was alkylated with 1,3-dibromopropane to give 17. Subse-
quent treatment with N,N,N,N-tetramethyl-propane-1,3-diamine
gave 2c¢ (Scheme 3).

3. Results and discussion

3.1. Determination of THP-1 cell line viability in the presence of
compounds 1 and 2

Monocytes and macrophages are the main producers of TNF-a.
The human monocytic cell line THP-1 was used to explore the
potential activity of compounds 1 and 2 as TNF-a. synthesis in-
hibitors. Previous data showed the putative cytotoxic potential of
indolinium and benzimidazolium derivatives [18,19]. The potential

1e Me

Scheme 1. Synthetic pathway for compounds 1a—g. Reagents and conditions (see SD and ref. 18): a) Br,, THF; b) MSH, CH,Cly; ¢) 1,2-diketone, EtsN or AcONa, EtOH or acetone,
reflux; d) HNOs, 0 °C; e) SnCl,, HC], reflux; f) Boc,0, EtsN, DMAP, CH,Cl,; g) RBr, KOH, K>CO3, BBDECI, MeCN; h) 48% HBr; i) EtsN, H,0; j) Ethyl bromoacetate, MeCN.
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Scheme 2. Synthetic pathway for compounds Th—Kk. Reagents and conditions: a) EtsN, H,0; b) 1,3-diiodopropane, 300 W, uW, two runs; c) 48% HBr, reflux; d) 5-chloro-pent-1-yne,
BBDECI, NaOH, K,COs, MeCN; e) MSH, CH,Cl,; f) 1,2-diketone, CH3CO,Na, EtOH, reflux; g) Cu(AcO),, CH3CN, reflux.
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Scheme 3. Synthetic pathway for compounds 2a—c. Reagents and conditions: a) 48% HBr, reflux; b) 2a, SOCl,, reflux; c) 1,3-dibromopropane, 300 W, uW; d) N,N,N,N-tetrame-
thylpropane-1,3-diamine, DMF, 100 °C.
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cytotoxicity of these newly synthesised molecules was analysed by
incubating THP-1 cells for 24 h in the presence of each compound
(10 pM) and the cell viability was then assessed. Parallel cultures
were established, in which cells were further stimulated with
100 ng/mL of LPS during the last 4 h to rule out the deleterious
effect of an inflammatory challenge. Differences were not observed
between cultures with and without LPS (data not shown). The cell
viability of LPS-stimulated cells preincubated for 24 h with com-
pounds 1 or 2 (10 pM) is represented in Fig. 2.

3.2. In vitro inhibition assay of LPS-induced TNF-« production

The ability of the various compounds to modulate the produc-
tion of TNF-a was first explored in THP-1 cells. Cells were pre-
treated or left untreated overnight in the presence of increasing
concentrations of each compound and were then further stimu-
lated with LPS for 4 h. Preliminary experiments were performed in
which one single dose of 10 uM was analysed. Further experiments
with increasing concentrations were performed only with those
compounds that showed low toxicity (1b, 1c, 1e, 1f, 1h, 1i, 2a, 2b).
The results are summarised in Table 1.

3.3. Structure—activity relationships

Although the number of compounds synthesised and tested was
small, several tentative relationships can be established for the cell
viability and TNF-a production inhibition data. For series 1 (see
Fig. 2 and Table 2), the presence of a 9-Br substituent in R made
cells unviable (1a), although this was possibly a consequence of the
labile nature of the bromo-substituent rather than the position it-
self. The presence of nitro, ammonium or short-chain alkoxy groups
at positions C-10 or C-11 was relatively well tolerated (1b,1c, 1e). In
the Ry substituent, the presence of an alkyne moiety was detri-
mental as compounds 1g, 1j, 1k are highly toxic. Indeed, alkynes are
well-known DNA-photocleaving agents [23] and terminal alkynes
have recently been reported to be acceptors of the active-site
cysteine nucleophile [24]. The presence of hydrogen and non-
bulky short-chain ester or carboxylic acid groups was well toler-
ated (1b, 1c, 1e, 1f, 1i vs. 1d) although a haloalkyl chain reduced
viability (1f, 1i vs. 1Th). A similar effect was also observed in series 2
(2a, 2b vs. 2¢) and this was probably a consequence of the alkylating
potential of 1h and 2c.

For compounds that showed cell viability above 50% (1b, 1c, 1e,
1f, 1h, 1i, 2a, 2b; Tables 1 and 2), increasing concentrations were
tested in order to calculate the ICs5g values. Compounds 1b, 1¢, and
1i did not show dose-dependent inhibition. Within series 1, the

100 -
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Fig. 2. Cell viability of LPS-stimulated cells preincubated with compounds 1 or 2
(10 uM). THP-1 cells were incubated overnight in the presence of the indicated com-
pounds followed by 4 h of stimulation with 100 ng/mL LPS. Cell line viability was
evaluated by exclusion of propidium iodide as measured by flow cytometry.

Table 1

87

Inhibitory activity (% inhibition of TNF-o production) and toxicity (% cell viability) of
compounds 1 and 2 in THP-1 cells.

N® Compd. Inhibition (%) vs. concentration (uM)° ICso  Cell
sahili o\
01 1 5 10 25 50 100 (WM Viability (%)
1 1a 89 3.76
2 1b 44 56 29 47 79.36
1 1c 133 -134 88 65.02
1 1d 94 33.05
9 1e —0.97 349 634 87.8 449 61.27
3 1f 51 67 45 94 115 89.72
1 1g 87 0
2 1h 11 36 72 79 9.88 63.28
5 1 38 29 35 40 93
1 1j 94 0
1 1k 34 9.54
3 2a 9 12 7 45 84 146 69.91
6 2b 19 47 70 85 392 86
2 2 39 25.28

2 No. of experiments performed with each compound.

P Inhibition of TNF-o. production in response to 100 ng/mL LPS. Mean values
corresponding to a number of independent experiments indicated in the left-hand
column are shown.

€ % cell viability of cells incubated with 10 uM of compounds plus 100 ng/mL LPS.

presence of a hydrogen substituent at Ry (1e, IC50 = 4.49 puM)
provided better inhibition than an ethoxycarbonylmethyl chain (1f,
IC50 = 11.5 pM) or a 3-iodopropyl chain (1h, IC5g = 9.88 uM). Within
series 2, the presence of a shorter carboxyalkyl chain was preferred
(2a, IC5p = 14.6 uM; 2b, IC5p = 39.2 uM).

3.4. Inhibitory effect of 1e in LPS-induced TNF-a production by
THP-1 and primary human cells

Of the compounds analysed, 1e showed the lowest IC5g value in
the monocytic cell line THP-1. As a consequence, we decided to test
the ability of 1e to downregulate TNF-¢. production by primary
human peripheral blood mononuclear cells (PBMCs) and purified
human monocytes. As can be seen from Fig. 3, a dose-dependent
inhibition of TNF-a production was observed in PBMCs and in hu-
man CD14" monocytes as well as in THP-1 cells. The ICso values
were calculated in PBMCs and human monocytes (Table 3).

3.5. Inhibitory effect of compound 1e on poly I:C-induced TNF-«
and IL-12 production by human monocytes and in vitro
differentiated myeloid dendritic cells (DCs)

Poly I:C is a synthetically produced mimetic of viral RNA that is
also able to stimulate the inflammatory response in monocytes,

Table 2
Substituents at positions R, Ry, and R; for compounds 1 and 2.
Compd. R R, R,
1a 9-Br H Et
1b 11-NO, H Et
1c 11-(NH3)" H Et
1d 10-BnO CO,Bu" Et
1e 10-MeO H Me
1f 10-MeO CH,CO,Et Et
1g 10-MeO HCC(CH,)3 2-Furyl
1h 10-MeO I(CHy)3 Et
1i 10-MeO CH,CO,H Et
1j 10-MeO HCC(CH>)s3 1,8-Dinaphthyl
1k 10-MeO (CH3)3CC(CHy)3 Et
2a — CH,CO,H 1,8-Dinaphthyl
2b - (CH3)2,CO.H 1,8-Dinaphthyl
2c - Me;N(CH3)3sN* Me,(CH,)3 1,8-Dinaphthyl
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Fig. 3. Dose-dependent inhibition of TNF-a. production by 1e. (A) THP-1 cells; (B) human peripheral blood mononuclear cells (PBMCs); (C) CD14" human monocytes. Cells were
cultured overnight with increasing concentrations of 1e, followed by LPS stimulation for 4 h. TNF-o. production was quantified by ELISA in the culture supernatants. *P value < 0.05

and ***P < 0.001 (Kruskal—Wallis and Dunns post-test).

Table 3

Inhibition of TNF-o. production by 1e in human primary cells.
1e (uM) ICs0 (kM)
0.1 0.5 1 2.5 5 10

% 1 (PMBCs)® 227 nd 388 nd 712 692 391
% 1 (monocytes)® nd 2856 38.15 5641 nd 953 1.82

o

2 Inhibition of TNF-o production in response to 100 ng/mL LPS; nd. Not
determined.

macrophages, and dendritic cells. The functional capability of 1e to
dampen inflammation triggered by various stimuli was assessed by
pretreating human monocytes and monocyte-derived dendritic
cells with 1e and then challenging them with poly I:C. Fig. 4 shows
that 1e was able to inhibit the production of TNF-a triggered by
poly I:C in monocytes and dendritic cells. Furthermore, pretreat-
ment with low doses of 1e was also able to inhibit the production of
IL-12 in poly I:C stimulated DCs.

3.6. Inhibition of TNF-« transcription by 1e in human monocytes

Transcriptional and post-transcriptional mechanisms are
involved in regulating the production of TNF-o. by immunocytes.
Real-time RT-PCR studies were performed to explore whether 1e
was able to inhibit the expression of TNF-o at the transcriptional
level. Fig. 5 shows that LPS induction of TNF-o. mRNA was almost
completely abrogated in monocytes pretreated with 1 uM of 1e.

3.7. In vivo anti-inflammatory activity of 1e

Previous data demonstrate the inhibitory effect of 1e in vitro.
The efficacy of the compound administered in vivo was investigated
by administering two doses of 1e (2 mg/kg) intraperitoneally to
C57BL/6 mice at an interval of 18 h. The animals were sacrificed 4 h

after the second dose. The spleen cells were then isolated and
cultured in vitro in the presence or absence of LPS. The production
of TNF-o. was measured in the culture supernatants by flow
cytometry CBA. LPS significantly stimulated the production of TNF-
o in cells from vehicle-treated mice, but it was no longer able to
stimulate a significant increase in TNF-a production by splenocytes
when mice had been injected with 1e. As a result, the release of
TNF-a in response to LPS was significantly reduced in cells from
treated mice compared to the control group (Fig. 6). These data
strongly suggest that in vivo administration of 1e was able to reduce
the response of immune cells to a strong proinflammatory stimulus
such as LPS.

4. Conclusions

In summary, 14 compounds were prepared and their toxicity
and ability to dampen the inflammatory response was evaluated by
measuring the inhibition of the production of the pleiotropic
cytokine TNF-a. Several derivatives showed inhibitory activity, but
1e was selected for further study based on its low toxicity and ef-
ficacy at a low concentration (ICso = 4.49 uM) in THP-1 cells.
Moreover, compound 1e was even more potent in isolated human
monocytes (ICso = 1.82 uM) and proved to be effective in vivo. In
addition to inhibiting inflammatory signals delivered by a bacterial
component such as LPS, compound 1e also downregulated the
production of proinflammatory cytokines in response to a viral-
mimicking stimulus such as poly I:C, which is an analogue of viral
ssRNA. Furthermore, this compound not only downregulated TNF-o
production by macrophages, but was also able to inhibit the pro-
duction of a founder proinflammatory cytokine such as IL-12 by
stimulated dendritic cells. The experimental data suggest that 1e
could be a potential therapeutic agent in IMIDs, for which anti-TNF
drugs have been successfully used, as well as for other diseases such
as immune reconstitution syndrome, in which additional cytokines
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Fig. 4. Inhibition of TNF-a production by 1e. (A) Purified human monocytes; (B,C) monocyte-derived dendritic cells. Cells were pretreated for 1 h with 1e at various concentrations
followed by overnight poly I:C stimulation. TNF-o. and IL-12 production were quantified by ELISA and CBA, respectively, in the culture supernatants. Mean + SEM values of three

independent experiments are shown in A.

may exacerbate the patients' response, or conditions in which in-
flammatory macrophages may play a role, such as metabolic
syndromes.

5. Experimental section
5.1. Chemistry

Solvents (HPLC quality, Scharlab) were dried in a Solvent Puri-
fication System (MBraun) by passage through a pre-activated

w
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N
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-
L
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————
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+ Compound le (1UM)

0 ] L]
- +LPS (10ng/ml)

Fig. 5. Inhibition of TNF-o. transcription by 1e in human monocytes. The expression of
TNF-o in response to LPS stimulation 10 ng/mL (2 h) was measured by real-time RT-
PCR in purified CD14" human monocytes pretreated overnight with 1e (1 pM) or left
untreated. TNF-¢. mRNA molecules were normalised to ,-microglobulin mRNA, which
was used as a reference gene. Mean + SEM values corresponding to 3 independent
experiments are shown.

alumina column or they were purchased as anhydrous quality.
Reagents were purchased from Sigma—Aldrich and were used as
received. The reactions involving moisture-sensitive compounds

N
o
J

e n.s

i

TNFo (pg/ml/108cells)
S

- +LPS - +LPS

Control mice Compound 1e
treated mice

Fig. 6. Analysis of the efficacy of 1e in vivo. Splenocytes from mice treated intraperi-
toneally with two doses (2 mg/kg) of 1e or vehicle were isolated and cultured in vitro
in the presence or absence of 10 ng/mL LPS for 4 h and the secretion of TNF-a. was
evaluated by CBA. Box plots represent values in culture supernatants from 4 mice in
each group. The horizontal middle lines represent the median, the top and bottom
lines represent the quartile values, and the T-bars represent the maximum and min-
imum values. The Wilcoxon matched pair test was used to analyse data obtained
within the same group (*p = 0.0156 control vs. LPS; n.s.: not significant). The Man-
n—Whitney U test was applied to compare data from 1e and vehicle-treated mice
(#p = 0.0205 vehicle + LPS vs. Compound 1e + LPS).
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were performed under an atmosphere of dry argon. Microwave-
assisted reactions were carried out in a 5 mL vial using a Synthe-
wave 402 microwave synthesizer (Prolabo). The reactions were
monitored by thin-layer chromatography (TLC) on silica-coated
aluminium sheets (60F»54 Alugram) and chromatograms were
visualised with UV light (254 or 366 nm). Purification by column
chromatography was undertaken with Merck silica gel
(0.030—0.075 mm) and the solvents were used as received
(Scharlab). Infrared spectra (IR, KBr window) were recorded on a
Perkin—Elmer FTIR 1725X instrument. The frequencies (v) of the
most intense bands are given in cm~ . Nuclear magnetic resonance
spectra ('H and >C NMR) were recorded using Varian Mercury-VX-
300 MHz (300 and 75 MHZ, respectively) and Varian-UNITYVS-
500 (500 and 125 MHz, respectively) instruments. Chemical shifts
(0) are given in ppm and are referenced to the residual signal of the
non-deuterated solvent. Coupling constants (J) are given in Hz. The
abbreviations s = singlet, d = doublet, dd = doublet of doublets,
t = triplet, td = triplet of doublets, q = quadruplet, m = multiplet,
bs = broad signal, appt = apparent triplet are used throughout.
Elemental analyses (C, H, N) were carried out on a Heraeus CHN
Rapid Elemental Analyzer and were within +0.4% of the theoretical
values.

The supplementary data contains experimental procedures and
characterisation data for compounds 1a—d, 1f—g, 16 and their in-
termediates. "H and >C NMR spectra for 1e and its intermediates
are also provided as representative examples. The synthesis of new
compounds 1e, Th—k and 2a—c is described below.

5.1.1. 2,3-Dimethyl-12H-10-methoxy-pyridazino[1',6':1,2 pyrido
[3,4-b]indol-5-inium bromide (1e)

A solution of 6 (see SD) (51 mg, 0.1063 mmol) in 48% HBr (2 mL)
was stirred at room temperature for 1 h. The solvent was removed
under reduced pressure and the residue was dried under a vacuum.
The solid was treated with Et;O in an ultrasound bath and the
mixture was filtered. Compound 1e was obtained as a yellow solid
and this was recrystallized from ethanol/acetic acid. Yield: 31%;
mp: >280 °C (dec.); 'H NMR (300 MHz, CD;0D): 6 9.09 (d, 1H,
J = 70Hz), 8.78 (s, 1H), 8.67 (d, 1H, J = 7.0 Hz), 8.32 (d, 1H,
J = 9.0 Hz), 729 (d, 1H, J = 2.2 Hz), 717 (dd, 1H, J = 9.0 Hz,
J=2.2Hz),4.03 (s, 3H), 2.84 (s, 3H), 2.73 (s, 3H). >*C NMR (125 MHz,
CD30D): 6 164.4, 162.1, 146.4, 139.6, 131.7, 131.2, 130.2, 128.6, 127.8,
127.3, 1244, 117.0, 115.7, 114.8, 100.9, 95.5, 56.4, 20.7, 19.4. HRMS
[ESI-TOF]: Caled for Cy7H1gN3O, [M*]: 278.1286. Found [M*]:
278.1288. Anal. (Cy7H16BrN30) theoretical: C, 57.00; H, 4.50; N,
11.73. Found: C, 57.27; H, 4.82; N, 11.38.

5.1.2. 2,3-Diethyl-10-methoxy-12-(3-iodopropyl)-pyridazino
[1,6':1,2]pyrido[3,4-b]indol-5-inium iodide (1h)

A slurry of 8 (see SD) (86.8 mg, 0.3 mmol) in 1,3-diiodopropane
(5 mL) was irradiated in a microwave synthesiser for 10 min (x2) at
300 W. The solid was filtered when the mixture was still hot and
was washed with acetone (2 x 5 mL) and Et;0 (2 x 5 mL). Crys-
tallization from ethanol yielded 1h as an orange solid. Yield: 55%;
mp: >300 °C; 'H NMR (300 MHz, DMSO-dg): 6 9.18 (d, 1H,
J = 70Hz), 9.04 (d, 1H, ] = 7.0 Hz), 8.87 (s, 1H), 8.37 (d, 1H,
J=8.8Hz),7.20(s,1H), 7.08 (d, 1H, J = 9.0 Hz), 5.19 (bs, 2H), 3.94 (s,
3H), 3.35 (bs, 2H), 2.97 (q, 2H, ] = 7.2 Hz), 2.90 (q, 2H, ] = 7.2 Hz),
2.59 (bs, 2H), 1.40 (t, 6H, ] = 7.0 Hz). Anal. (C;;H25N301;) theoretical:
C,43.95; H, 4.19; N, 6.99. Found: C, 44.27; H, 4.42; N, 7.17.

5.1.3. 12-Carboxymethyl-2,3-diethyl-10-methoxy-pyridazino
[1',6':1,2]pyrido[3,4-bJindol-5-inium bromide (1i)

A mixture of 1f (see SD) (38.7 mg, 0.08 mmol) and 48% HBr
(1 mL) was heated under reflux for 3 h. The solvent was evaporated
under reduced pressure and the residue was treated with Et,0 to

give 1i as an orange solid. Yield: 85%; mp: 234—235 °C (ethanol/
Et,0); '"H NMR (300 MHz, DMSO-dg): 6 9.33 (d, 1H, ] = 6.8 Hz), 8.90
(d, 1H, ] = 6.8 Hz), 8.58 (s, 1H), 8.47 (d, 1H, ] = 8.9 Hz), 7.68 (s, 1H),
717 (d, 1H, J = 8.7 Hz), 5.96 (s, 2H), 3.97 (s, 3H), 3.15 (q, 2H,
J =72 Hz), 2.99 (q, 2H, ] = 7.2 Hz), 1.39 (t, 6H, J = 6.8 Hz). Anal.
(C21H22N303Br-H,0) theoretical: C, 54.55; H, 5.23; N, 9.09. Found:
C, 55.72; H, 5.60; N, 8.77.

5.1.4. 14-Methoxy-16-(pent-4-ynyl)acenaphtho[1”2":3',4']
pyridazino[1,6':1,2|pyrido-[3,4-bindol-9-inium mesitylensulfonate
(15)

A mixture of 10 (see SD) (0.10 g, 0.2 mmol), acenaphthoquinone
(0.036 g, 0.2 mmol), anhydrous sodium acetate (0.016 g, 0.2 mmol)
and ethanol (10 mL) was heated under reflux for 1 h. The solid was
filtered when the mixture was still hot and was washed with hot
ethanol (5 mL) and hot acetone (5 mL). Crystallization from acetic
acid/acetone gave 1j as an orange solid. Yield: 67%; mp:
273—274 °C; 'H NMR (300 MHz, DMSO-dg): 6 9.55 (s, 1H), 9.37 (d,
1H,] = 6.9 Hz),8.75 (d, 1H,J = 6.9 Hz), 8.71 (d, 1H, ] = 6.9 Hz), 8.58
(d, 1H,J = 7.3 Hz), 8.38 (d, 1H, ] = 8.4 Hz), 8.34 (d, 2H, J = 8.0 Hz),
8.02 (t,2H, J = 7.4 Hz), 7.52 (d, 1H, | = 1.8 Hz), 7.18 (dd, 1H, ] = 8.8 Hz,
J = 2.2 Hz), 5.24 (t, 2H, | = 7.3 Hz), 4.05 (s, 3H), 2.75 (s, 1H),
2.54—2.51 (m, 2H), 2.38—2.29 (m, 2H); IR (KBr): » 2932, 1621, 1574,
1544, 1409, 1250, 1223, 1161, 829, 678; Anal. (C39H33N304S-2H,0)
theoretical: C, 69.31; H, 5.52; N, 6.22. Found: C, 69.07; H, 5.19; N,
5.91.

5.1.5. 1,10-Bis-(1-methyl-7-methoxy-pyrido[3,4-bJindol-9-yl)-
deca-4,6-diyne (11)

A mixture of 9 (see SD) (0.26 g, 1 mmol) and copper(Il) acetate
(0.90 g, 5 mmol) in acetonitrile (20 mL) was heated under reflux for
48 h. Water (10 mL) and 25% ammonia (5 mL) were added. The
mixture was extracted with CH,Cl, (30 mL) and the organic phase
was dried (MgS0O4) and filtered. The solvent was removed under
reduced pressure and the residue was chromatographed on silica
gel using acetone/ethanol (8:2) as eluent. Crystallization from
acetone gave 11 as a pale yellow solid. Yield: 45%; mp: 184—185 °C;
TH NMR (300 MHz; CDCl3): é 8.9 (d, 2H, | = 5.5 Hz), 7.97 (d, 2H,
J=8.8Hz),7.74(d, 2H, ] = 5.1 Hz), 6.89 (d, 2H, ] = 2.2 Hz), 6.89 (dd,
2H,]=8.8Hz,] =2.2 Hz),4.64 (t,4H,] = 7.3 Hz), 3.94 (s, 6H), 3.04 (s,
6H), 2.38 (t, 4H, | = 6.6 Hz), 2.13—2.04 (m, 4H); IR (KBr): v 2966,
2115, 1617, 1558, 1414, 1238, 1108, 839, 675 cm™!; Anal
(C36H34N40,) theoretical: C, 77.95; H, 6.18; N, 10.10. Found: C, 77.71;
H, 6.33; N, 9.84.

5.1.6. 9,9-(Deca-4,6-diyn-1,10-diyl)-bis-(2-amino-1-methyl-7-
methoxy-pyrido[3,4-bJindol-2-inium) dimesitylenesulfonate (12)

A solution of MSH (0.30 g, 1.4 mmol) in CH,Cl, (2 mL) was added
dropwise to a slurry of 11 (0.55 g, 1 mmol) in CH,Cl, (5 mL) at room
temperature. After 1 h, Et;0 was added and the resulting solid was
filtered and washed with acetone and CH,Cl,. Crystallization from
ethanol gave 12 as a white solid. Yield: 90%; mp: 250—251 °C; 'H
NMR (300 MHz, DMSO-dg): 6 8.54 (d, 2H, J = 6.6 Hz), 8.43 (d, 2H,
J = 6.9 Hz), 8.30 (d, 2H, J = 9.2 Hz), 7.67 (s, 4H), 7.35 (d, 2H,
J=1.8Hz),7.05(dd, 2H, ] = 8.8 Hz,] = 1.8 Hz), 4.70 (t, 4H, ] = 7.3 Hz),
3.94 (s, 6H), 3.13 (s, 6H), 2.47—2.43 (m, 4H), 2.02—1.97 (m, 4H); IR
(KBr): v 3432, 3252, 3139, 2934, 2328, 1624, 1573, 1456, 1249, 1228,
1167, 1085, 1014, 816, 679; Anal. (Cs4HgoNgOgS,) theoretical: C,
65.83; H, 6.14; N, 8.53. Found: C, 65.57; H, 6.22; N, 8.40.

5.1.7. 12,12’'-(Deca-4,6-diyn-1,10-diyl)-bis-(2,3-diethyl-10-
methoxy-pyridazino[1,6':1,2]pyrido[3,4-bJindol-5-inium)
dimesitylenesulfonate (1k)

A mixture of 12 (0.10 g, 0.1 mmol), hexane-3,4-dione (0.025 g,
0.2 mmol), anhydrous sodium acetate (0.008 g, 0.1 mmol) and
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ethanol (10 mL) was heated under reflux for 24 h. The mixture was
evaporated to dryness and the residue was treated with a mixture
of acetone/Et;0. The solid was filtered, washed with cold water
(1 mL) and dried under vacuum to give 1k as a yellow a solid. Yield:
52%; mp: 292—293 °C (ethanol); 'H NMR (300 MHz, CD30D): 6 9.10
(d, 2H,J = 6.6 Hz), 8.73 (s, 2H), 8.64 (d, 2H, ] = 6.9 Hz), 8.28 (d, 2H,
J = 8.8 Hz), 720 (d, 2H, J = 2.5 Hz), 713 (dd, 2H, J = 8.8 Hz,
J = 2.2 Hz), 5.73 (t, 4H, ] = 7.5 Hz), 3.99 (s, 6H), 3.16 (q, 4H,
J=7.3Hz),3.05(q, 4H, ] = 7.3 Hz), 2.48—2.45 (m, 4H), 2.25—2.18 (m,
4H), 1.51-1.45 (m, 12H); IR (KBr): » 2954; 1619; 1558; 1414; 1202;
1178; 1085; 679; Anal. (CggH72NgO0gS> - 1H,0) theoretical: C; 68.37;
H, 6.43; N, 7.25. Found: C, 68.04; H, 6.69; N, 7.43.

5.1.7.1. General procedure for ester hydrolysis. A mixture of ester 14
or 15[19] (1 mmol) and 48% HBr (5 mL) was heated under reflux for
2 h. The cooled mixture was filtered and the solid was washed with
acetone (2 x 10 mL) and crystallized.

5.1.8. 9-Carboxymethylacenaphtho([1',2':3,4]pyridazine[1,6-a]
benzimidazol-14-inium bromide (2a)

Yellow solid. Yield: 93%; mp: 298—300 °C (ethanol/acetone); 'H
NMR (300 MHz, DMSO-dg): 6 9.73 (s, 1H), 8.56—8.48 (m, 3H),
8.38—8.28 (m, 3H), 8.04—7.94 (m, 3H), 7.86 (appt, 1H, ] = 7.6 Hz),
5.85 (s, 2H); IR (KBr): » 3378, 3016, 2907, 2766, 2548, 1752, 1729,
1611, 1528, 1467, 1413, 1374, 1338, 1286, 1215, 1099, 825, 773, 751;
Anal. (C22H14N30,Br-1/2H,0) theoretical: C, 60.12; H, 3.26; N, 9.72.
Found: C, 59.87; H, 3.42; N, 9.52.

5.1.9. 9-(3-Carboxypropyl)acenaphtho[1',2':3,4]pyridazine[1,6-a]
benzimidazol-14-inium bromide (2b)

Yellow solid. Yield: 94%; mp: 299—300 °C (ethanol/acetone); 'H
NMR (300 MHz; DMSO-dg): 6 9.74 (s, 1H), 8.62 (d, 1H, ] = 7.0 Hz),
8.56 (d, 1H, J = 8.2 Hz), 8.41 (d, 1H, J = 8.2 Hz), 840 (d, 1H,
J =82 Hz), 8.32 (d, 1H, J = 8.2 Hz), 8.06—8.00 (m, 2H), 7.97 (appt,
1H, ] = 7.8 Hz), 7.86 (appt, 1H, ] = 7.5 Hz), 4.90 (t, 2H, ] = 7.0 Hz), 2.51
(t, 2H, ] = 7.3 Hz), 2.28—2.20 (m, 2H); IR (KBr): » 3380, 2960, 1722,
1629, 1607, 1528, 1419, 1401, 1299, 1205, 1180, 1100, 830, 762; Anal.
(Co4H1gN3042Br-3/2H,0) theoretical: C, 59.15; H, 4.34; N, 8.62.
Found: C, 59.17; H, 4.35; N, 9.01.

5.1.10. 9-(3-Bromopropyl)acenaphtho[1',2':3,4]pyridazino[1,6-a]
benzimidazol-14-ium bromide (17)

A slurry of 16 (see SD) (0.06 g, 0.2 mmol) in 1,3-dibromopropane
(2.01 g, 10 mmol) was heated by microwave irradiation for
10 min at 300 W. The precipitate was filtered when the mixture was
still hot and was washed with acetone. The solid was crystallized
from ethanol to give 17. Yield: 90%; mp: 231-233 °C; 'H NMR
(300 MHz; DMSO-dg): 6 9.70 (s, 1H), 8.66—8.57 (m, 3H), 8.44 (d, 2H,
J=8.4Hz),8.33(d, 1H,] = 8.4 Hz), 8.10—8.03 (m, 2H), 7.97 (appt, 1H,
J=8.0Hz, ] =73 Hz), 7.87 (appt, 1H, ] = 8.4 Hz, ] = 7.3 Hz), 4.97 (¢,
2H,J = 7.3 Hz), 3.67 (t, 2H, ] = 7.3 Hz), 2.55—2.50 (m, 2H); *C NMR
(75 MHz; DMSO-ds): 6 153.2,140.3,139.5, 136.8, 132.5, 132.0, 131.9,
130.6, 130.5, 130.4, 130.4, 129.8, 129.2, 128.9, 1271, 126.1, 124.2,
114.0,113.9,112.0, 40.6, 32.7, 32.7, 31.3; IR (KBr): » 3416, 2941, 2892,
1628, 1610, 1529, 1480, 1425, 1245, 1165, 1098, 1034, 817, 778, 750,
636; Anal. (Ca3H17N3Bry-1H20) theoretical: C, 53.82; H, 3.73; N,
8.18. Found: C, 53.90; H, 3.81; N, 8.26.

5.1.11. 9-(4,4,8-Trimethyl-8-aza-4-azonium-nonanyl)acenaphtho
[1,2':3,4]-pyridazino[1,6-a]benzimidazol-14-inium dibromide (2c)

A mixture of 17 (0.19 g, 0.4 mmol) and N,N,N,N-tetramethyl-
propane-1,3-diamine (0.025 g, 0.2 mmol) in DMF (20 mL) was
heated at 90—100 °C for 72 h. The solvent was removed under
reduced pressure and the residual solid was chromatographed on
silica gel using methanol/dichloromethane (10:1) as an eluent to

give 2c as a pale yellow solid. Yield: 46%; mp: >300 °C; '"H NMR
(300 MHz; DMSO-dg): 6 10.28 (s, 1H), 8.78 (d, 1H, ] = 6.9 Hz), 8.58
(d,1H,] = 6.2 Hz), 8.47—8.41 (m, 3H), 8.06—7.96 (m, 3H), 7.88 (appt,
2H, ] = 8.0 Hz, ] = 7.2 Hz), 5.04 (bs, 2H), 3.68—3.78 (m, 2H),
3.47—3.34(m, 2H), 3.09 (s, 6H), 3.05 (bs, 2H), 2.79 (s, 6H), 2.79—2.68
(m, 2H), 2.28—2.16 (m, 2H); 13C NMR (75 MHz; DMSO-ds): 6 155.0,
144.8, 139.4, 138.1, 135.4, 131.1, 130.9; 130.7; 129.3; 129.2; 129.1;
129.0; 127.8; 127.6; 125.9; 125.1; 123.0; 114.0; 113.0; 112.7, 49.9,
46.2,45.2,41.3, 26.1,21.7,19.3,19.1,17.3; IR (KBr): » 3419, 3013, 1611,
1529, 1467, 1099, 1036, 828, 760; Anal. (C3gH35N5Br-2H50) theo-
retical: C, 54.47; H, 5.94; N, 10.59. Found: C, 54.73; H, 5.83; N, 10.70.

5.2. Biological assays

5.2.1. Cell line, human primary cells and reagents

The human promonocytic cell line THP-1 was grown in RPMI-
1640 medium (Lonza, Verviers, Belgium) supplemented with 5%
(v/v) heat-inactivated FCS (HyClone, Cramlington, UK).

PBMCs were isolated from healthy donors by Ficoll/Hypaque (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) density gradient
centrifugation and were cultured in RPMI-1640 plus 10% FCS.
CD14% cells were purified from PBMCs using CD14 human
Microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Flow
cytometry analysis of isolated PMBCs and monocytes showed that
cell purity was at least 95%. To induce differentiation into immature
DCs, CD14" cells were cultured in the presence of recombinant
human GM-CSF (500 U/mL) and recombinant human IL-4 (100 U/
mL) (PeproTech, London, UK). After 3 days of culture, fresh medium
containing GM-CSF and IL-4 was added, and the incubation was
prolonged for 2 days. Differentiation was assessed by flow cytom-
etry analysis of specific markers (loss of CD14, and acquisition of
CD23 and CD1a).

LPS and propidium iodide were purchased from Sigma—Aldrich
(St. Louis, MO). LPS was dissolved in PBS. Newly synthesised com-
pounds were dissolved in DMSO as 100 mM stock solutions and
these were stored at —20 °C.

5.2.2. Cell treatment, viability and cytokine determination

THP-1 cells were incubated for 24 h in RPMI-1640 plus 5% FBS
and 10 pM of the various compounds. Duplicate cultures were
stimulated with 100 ng/mL LPS during the last 4 h. Cell viability was
measured in each case by flow cytometry through the determina-
tion of the percentage exclusion of propidium iodide (0.5 pug/mL).
Cells were analysed in a FACScalibur cytofluorometer using Cell-
QuestPro software (BD Bioscience, San Jose, CA, USA).

The production of TNF-o, was quantified in culture supernatants
of cells incubated for 24 h in the presence of increasing concen-
trations of the selected compounds and stimulated with 100 ng/mL
LPS (THP-1 cell line) or 10 ng/mL LPS (primary cells) during the last
4 h. Poly I:C (10 pg/mL) stimulation was carried out overnight. Cell-
free supernatants were collected and the cytokine content was
evaluated by using the Human TNF ELISA Set (BD Bioscience) ac-
cording to the manufacturer's instructions. A standard curve was
prepared with known concentrations of human TNF-a. Optical
density (OD450nm) was measured in a Synergy4 plate reader and
results were analysed using Gen5 software (BioTek).

The percentage inhibition was calculated as 100 — ([TNF (pg/mL)
in the presence of compound/maximum of TNF (pg/mL)] x 100).
Linear regression was used to calculate the ICsg value for each cell
population.

The concentration of IL-12 in the supernatant of poly I:C stim-
ulated DCs was measured by flow cytometry using the human IL-12
Cytometric Bead Array (CBA) Flex Set kit (BD, Biosciences, CA) ac-
cording to the manufacturer's instructions.
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5.2.3. Quantitative RT-PCR analysis of TNF-« gene expression
Isolated CD14" human monocytes were incubated overnight in
the presence of compound 1e (1 uM) or vehicle and stimulated with
LPS (10 ng/mL) during an extended period of 2 h. After this time,
cells were harvested, total RNA was isolated using a High Pure RNA
Isolation kit (Roche, Indianapolis, IN, USA), and reverse-transcribed
with random hexamers and avian myeloblastosis virus-reverse
transcriptase (Roche, Indianapolis, IN, USA) in a final volume of
20 pL for 1 h at 42 °C. TNF-o and 2-microglobulin mRNA expres-
sion were quantified by real real-time PCR in a Light Cycler (Roche,
Indianapolis, IN) with FastStart DNA Master SYBR Green (Roche,
Indianapolis, IN). Primers used were as follows: 5-GAA AGG ACA
CCATGA GCA CTG-3' and 5'-TGA TTA GAG AGA GGT CCC TGG-3’ for
TNF-o. and 5'-CCA GCA GAG AAT GGA AAG TC-3' and 5'-GAT GCT
GCT TAC ATG TCT CG-3' for B2-microglobulin. Standard curves for
TNF-o and B2-microglobulin mRNA quantification were generated
by amplifying 10-fold serial dilutions of known quantities of the
specific PCR products. Relative units estimated from the quantifi-
cation represent the ratio of TNF-& mRNA molecules to f2-
microglobulin mRNA molecules in the same cDNA sample.

5.2.4. In vivo assay

Female C57BL/6 mice (Charles River, Barcelona, Spain) were
used for in vivo studies. Animals were housed in ventilated cages to
minimise contact with pathogens. Mice weighing about 20 gr and
8—9 weeks old were treated by intraperitoneal injection with 2
doses of compound 1e (2 mg/kg) dissolved in 200 pL of saline so-
lution at 18 h intervals. Control animals received a similar volume
of vehicle in saline solution. Four hours after the second dose, the
mice were sacrificed and the spleens were removed. Splenocytes
were prepared by mechanical dissociation. Single cell suspensions
were obtained after filtration through a 70 uM cell strainer (BD).
Splenocytes from 1e-treated and control vehicle-treated mice were
counted and cultured at 10° cells/mL in RPMI-1640/5% FBS. Dupli-
cate cultures were stimulated with 10 ng/mL LPS during 4 h and
secreted TNF-o. was measured in cell free culture supernatants
using the murine TNF-o Cytometric Bead Array (CBA) Flex Set kit
(BD, Biosciences, CA).
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