Bioorganic & Medicinal Chemistry Letters 21 (2011) 3373-3376

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

Bioorganic & Medicinal
Chemistry Letters

journal homepage: www.elsevier.com/locate/bmecl Bl =

Novel 12-membered non-antibiotic macrolides from erythromycin A;
EM900 series as novel leads for anti-inflammatory and/or

immunomodulatory agents

Akihiro Sugawara®, Akito Sueki?, Tomoyasu Hirose ?, Kenichiro Nagai®, Hiroaki Gouda b Shuichi Hirono®,
Hideaki Shima?, Kiyoko S. Akagawa ?, Satoshi Omura **, Toshiaki Sunazuka **

@ Kitasato Institute for Life Sciences, Kitasato University, and The Kitasato Institute 5-9-1 Shirokane, Minato-ku, Tokyo 108-8641, Japan
bSchool of Pharmacy, Kitasato University, 5-9-1 Shirokane, Minato-ku, Tokyo 108-8641, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 10 February 2011
Revised 29 March 2011
Accepted 1 April 2011
Available online 7 April 2011

Keywords:
(8R,95)-8,9-Dihydro-6,9-epoxy-8,9-
anhydropseudoerythromycin A (EM900)
Anti-inflammatory agent
Immunomodulatory agent
14-Membered non-antibiotic macrolide
Diffuse panbronchiolitis

effective as EM900.

Herein, we report the design and synthesis of the novel 12-membered non-antibiotic macrolide (8R,9S)-
8,9-dihydro-6,9-epoxy-8,9-anhydropseudoerythromycin A (EM900), which was found to be a potent
anti-inflammatory and/or immunomodulatory agent, capable of promoting monocyte to macrophage dif-
ferentiation. This molecule shows improved acid stability, does not exhibit any anti-bacterial activity and
has relatively low cytotoxicity against THP-1 cells. In addition, one of its analogues, (8R,95)-4",13-0-dia-
cetyl-8,9-dihydro-6,9-epoxy-8,9-anhydropseudoerythromycin A (EM911), was found to be twice as

© 2011 Elsevier Ltd. All rights reserved.

Erythromycin A (EMA), a 14-membered macrolide, first isolated
in 1952,! has been widely used as a safe antibiotic for 50 years.
In 1984, one of the actions of EMA, gastrointestinal motor-
stimulating (GMS) activity, was identified by Itoh et al.2 In 1985,
our group found an EMA derivative (EM574) which exhibited
gastrointestinal motor-stimulating activity but which showed no
antibacterial activity.3~7 Later, Kudo et al. found that low-dose,
long-term therapy with EMA is an effective treatment for diffuse
panbronchiolitis (DPB),® suggesting that EMA expresses some
anti-inflammatory and/or immunomodulatory activity. EMA is also
used to treat both Chronic Sinusitis (CS) and Cystic Fibrosis (CF).
However, the detailed mode of action remains unclear. Macrolide
derivatives with anti-inflammatory activity but lacking either anti-
bacterial activity or GMS activity would be extremely useful, as
they would help avoid promotion of drug resistance, as well as
helping to minimize any adverse effects of EMA treatment. We
have been endeavouring to identify such compounds.

Previously, we found that the 12-membered EMA analogues,
8,9-anhydropseudoerythromycin A 6,9-hemiketal (EM701)>'°
and EM703 (Fig. 1), exhibited no anti-bacterial activity and pro-
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moted monocyte to macrophage differentiation better than EMA,
while possessing a slightly motiline-like activity.!' However,
EM701 and EM703 readily form the corresponding 9,12-spiroketal
skeleton, as well as some decomposed products, under acidic con-
ditions, such as those found in the stomach.'>!3

Accordingly we envisioned that a reduction of the double bond
at the 6,9-enolether position could lead to a more robust structure
which could prevent undesirable chemical transformation under
acidic conditions,>'* presumably providing similar promotion of
monocyte to macrophage differentiation as shown by EM701 and
EM?703.'°> Herein, we describe the design and synthesis of the novel
12-membered (8R,95)-8,9-dihydro-6,9-epoxy-8,9-anhydropseudo-
erythromycin A (EM900), and analogues thereof, all of which pro-
mote monocyte to macrophage differentiation but are without
either anti-bacterial activity or cytotoxicity. They represent poten-
tially new anti-inflammatory and/or immunomodulatory agents
with a novel chemical structure.

Our initial efforts concentrated on preventing instability of the
aglycone, 8,9-anhydropseudoerythromycin A 6,9-hemiketal, under
acidic conditions. To address this issue, a reduction of 6,9-enole-
ther, using Klein’s protocol,'® was carried out. This involved treat-
ment of 8,9-anhydropseudoerythromycin A 6,9-hemiketal EM701
with PtO, (3.0 equiv), CHF,CO,H, and AcOH under H, gas at
5 atm (50-55 psi), which afforded EM900 in 77% yield as a single
diastereomer (Scheme 1).17
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Scheme 1. Synthesis of (8R,95)-8,9-dihydro-6,9-epoxy-8,9-anhydropseudoerythro-
mycin A EM900. Reagents and conditions; H,, PtO,, CF,HCOOH, AcOH, 5 atm, rt, 5 h,
77%.

We determined the three-dimensional (3D) solution structure
of EM900 using a combination method of conformation analysis
with high-temperature molecular dynamics (MD) and NMR spec-
troscopy.'® The structural constraints derived from NMR experi-
ments are included in the Supplementary data. The
stereochemistry of C8 and C9 positions was determined as 8R
and 98, since strong ROESY correlations between 8-H and 9-H, 8-
H and 6-Me, 9-H and 6-Me was observed but not seen between
8-Me and 9-H. Figure 2 shows comparison of the 3D structures

Figure 2. Stereopairs of the superposition of the 3D structures of EM900 (black)
and EM703 (green)

of EM900 (black) and EM703 (green), which we determined previ-
ously.!® This result revealed that 3D conformation of both ana-
logues, EM900 and EM703, are preserved, indicating that EM900
could express promotional activity of monocyte to macrophage
differentiation, with a robust structure under acidic condition. In
fact, EM900 shows an EDsq of 17.1 uM, as expected, without
anti-bacterial activity (vide infra). Based on these observations,
we proposed two reaction pathways; one being that hydrogenation
took place via syn addition at the B face of the dihydropyrane ring
core, the other being that the oxonium intermediate was reduced
at the B face of the dihydropyrane ring core after acids facilitated
protonation from the B face of the dihydropyrane ring core gener-
ated by the double bond. Moreover, we explored reducing the
amount of PtO, used for a large-scale synthesis because the
3.0 equiv of PtO, was not acceptable in terms of costs. We found
that PtO, can be reduced from 300 mol % to 150 mol % without los-
ing the reactivity, thereby allowing us to undertake suitable scale
synthesis of EM900 (Scheme 1).

To investigate anti-inflammatory and immunomodulatory ef-
fects, we used the THP-1 assay system to test for promotion of dif-
ferentiation of monocytic cells to macrophages. The promotive
activity was determined by modifying the method of Keicho
et al.'® A THP-1 cell line, derived from a patient with monocytic
leukemia, was supplied by the Japanese Cancer Research Resources
Bank (Tokyo, Japan). THP-1 cells (1 x 10° per well in 0.5 mL) were
poured into 48-well tissue culture microplates (IWAKI, Japan) and
cultured in the presence of phorbol myristate acetate (PMA; 2 ng/
mL), or each macrolide compound (1-100 uM) alone, or both, for
4 days at 37 °C under 5% CO, in humidified air. The number and
viability of adherent cells was measured by colorimetric determi-
nation of MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl)tetra-
zolium bromide) assay at 550 nm. The EDsy values were
determined, which provided an evaluation of the promotion of
monocyte to macrophage differentiation of analogues, as com-
pared to the result of EMA at 100 pM. We also evaluated the
anti-bacterial activity of against several representative organisms,
such as Staphylococcus aureus, Micrococcus luteus, Enterococcus fae-
calis, Escherichia coli, Klebsiella pneumoniae, Serratia marcescens,
Enterobacter aerogen, Acinetobacter calcoaceticus using standard
serial-dilution techniques.'® Cytotoxicity (uM) of THP-1 cell was
determined by using cell count reagent SF (Nacalai tesque) accord-
ing to manufacturer’s instructions.

Table 1
Biological activity (EDsy, cytotoxicity, and MIC) of EMA and EM900
EMA EM900
EDsp (LM)? - 17.1
Cytotoxicity (LM) — 100
MIC
ng/mL) S. aureus FDA209P° <05 >128
S. aureus Smith® <05 >128
S. aureus 8325 (pEP2104)° 64 >128
S. epidermidis IFO12648" <0.5 >128
M. luteus ATCC9341 ° <05 128
E. faecalis ATCC21212° 1 >128
E. coli NIH] JC-2P 64 >128
K. pneumoniae NCTN9632° 32 >128
S. marcescens IFO12648" 128 >128
E. aerogen NCTC10006° 128 >128
A. calcoaceticus IF02552° 4 >128

@ The EDsq values were determined, which provided an evaluation of the pro-
motion of monocyte to macrophage differentiation of analogues, as compared to the
result of EMA at 100 M.

> S. aureus; Staphylococcus aureus, M. luteus; Micrococcus luteus, E. faecalis;
Enterococcus faecalis, E. coli; Escherichia coli, K. pneumoniae; Klebsiella pneumoniae, S.
marcescens; Serratia marcescens, E. aerogen; Enterobacter aerogen, A. calcoaceticus;
Acinetobacter calcoaceticus.
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EM900 showed an EDsq of 17.1 puM. In addition, EM900 did not
have antibacterial activity against several representative organ-
isms, such as S. aureus, M. luteus, E. faecalis, E. coli, K. pneumoniae,
S. marcescens, E. aerogen, A. calcoaceticus (Table 1). With respect
to toxicity, EM900 showed cytotoxicity at 100 uM in THP-1 cells.
Although absence of toxicity would be advantageous, we envi-
sioned that the toxicity could be reduced using chemical modifica-
tion. Consequently, we decided to use EM900 to help elucidate
structure-activity relationships (SAR). In addition, we aimed to im-
prove potency as well as remove or minimize, as much as possible,
both toxicity and anti-bacterial properties without increasing
molecular weight.

At the outset, we sought to modify the three types of moiety;
hydroxyl groups, the side chain at C11 position and the neutral su-
gar cladinose, to develop a structure-activity map. As outlined in
Scheme 2, treatment of EM900 with Ac,0 and acetone provided
the 2’-O-acetylated product (EM913) in 89% yield. Meanwhile,
treatment of EM900 with Ac,0, DMAP, and pyridine provided the
2',4" 13-O-triacetylated product, followed by methanolysis to af-
ford 4”,13-0-diacetylated product (EM911) in 94% yield.

The toward ‘ketolide®® structure, EM913, was treated with
acidic conditions to remove the cladinose moiety to generate the
alcohol, EM915, in 46% yield, which upon cyclic-carbonation using
triphosgene, EM916 and oxidation, led to the corresponding keto-
lide, EM917. Finally, methanolysis of the acetyl group furnished
the desired compound, EM918 in 92% yield (Scheme 3). To modify
the side chain of EM900, an epoxidation reaction was carried out
with Martin’s sulfurane {[Cg¢HsC(CF5)»0],S(CeHs)2}?! to the pro-
duce the epoxide, EM909, in 70% yield. To disconnect the diol moi-
ety, oxidative cleavage using Pb(OAc), afforded the corresponding
ketone EM906, followed by oxime formation to provide EM907 in
93% yield (Scheme 4).

Based on biological evaluation (Table 2), the 2’-O-acetylated
compound EM913 (EDsp = 16.1 uM) exhibited the same potency
as EM900 (EDsp = 17.1 uM). Interestingly, the 4”,13-O-diacetylated
product, EM911, (EDso = 7.7 uM) was twofold more potent than
EM900 (EDso=17.1 uM). However, the de-cladinosyl compound,
EM915, exhibited dramatically decreased activity (EDsq=>
100 uM). The cyclic carbonated EM916 (EDsq = 55.7 uM) actually
regained potency. Likewise, the ketolide-type molecule EM917
(EDsg = 27.9 uM) slightly recovered anti-inflammatory or immuno-
modulatory effects. No remarkable impact was observed when the
acetyl group was removed in this case EM918, (EDsg = 26.3 uM).
We concluded that neither the decladinosyl-type molecule nor

Scheme 2. Acylated analogues of EM900. Reagents and conditions: (a) Ac,0
(6.0 equiv), acetone, rt, 30 min, 89%; (b) (1) Ac,0, DMAP, pyridine, rt, 3 h; (2) MeOH,
50 °C, 12 h, 94% over 2 steps.

Scheme 3. Removing cladinose and modification of this region. Reagents and
conditions: (a) 1.0M HCI aq., rt, 5h, 46%; (b) triphosgene (2.0 equiv), pyridine
(12.0 equiv), DCM, -78°C to rt, 30 min, 73%; (c) Dess-Martin periodinate
(10.0 equiv), DCM, rt, 2 h, 80%; (d) MeOH, 50 °C, 30 h, 92%.

b)

EMgO0 o

o

Scheme 4. Modification of the side chain. Reagents and conditions: (a) Martin’s
sulfurane (2.5 equiv), DCM, rt, 90 min, 70%; (b) Pb(OAc)4 (2.1 equiv), DCM, 0 °C, 4 h,
75%; (c) NH,OH-HCI (3.0 equiv), pyridine (60 equiv), EtOH, 0 °C, 4 h, 93%.

the ketolide-type molecule play a role in modulating the immune
response. Although the other side chain derivatives, EM906
(EDsg = 12.3 uM), EM907 (EDsp=12.3 uM), and EM909 (EDsq =
10.2 uM) displayed slightly improved enhancement effect, the
functional groups, ketone, oxime and epoxide also do not appear
to play any key role.

In conclusion, we have developed a novel 12-membered
(8R,95)-8,9-dihydro-6,9-epoxy-8,9-anhydropseudoerythromycin
(EM900), which possesses potent anti-inflammatory and



3376

Table 2
Biological activity (EDso and cytotoxicity) of EM900 analogues

Compds EDso pM)* Cytotoxicity (uM)
EM900 171 100
EM906 123 100
EM907 123 >100
EM909 10.2 100
EM911 7.7 100
EM913 16.1 100
EM915 >100 >100
EM916 55.7 >100
EM917 279 >100
EM918 26.3 >100

2 The EDsg values were determined, which provided an evaluation of the pro-
motion of monocyte to macrophage differentiation of analogues, as compared to the
result of EMA at 100 pM.

immunomodulatory activity via promotion of monocyte to macro-
phage differentiation but which has no apparent anti-bacterial
properties. The molecule has improved acid stability and lower
cytotoxicity in THP-1 cells than EMA. Moreover, SAR study re-
vealed that one of its analogues, EM911 (bearing an acetylated
moiety), was twice as effective as EM900. Further investigation
of these compounds is currently underway in our laboratory.
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