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BACKGROUND AND PURPOSE
Corticosteroid insensitivity is a major therapeutic problem for some inflammatory diseases including chronic obstructive
pulmonary disease (COPD), and it is known to be induced by reduced histone deacetylase (HDAC)-2 activities via
activation of the phosphoinositide 3-kinase (PI3K) pathway. The aim of this study is to evaluate effects of a novel
macrolide/fluoroketolide, solithromycin (SOL, CEM-101), on corticosteroid sensitivity induced by oxidative stress.

EXPERIMENTAL APPROACH
Corticosteroid sensitivity was determined by IC50/EC50 of dexamethasone (Dex) on TNF-a-induced CXCL8 production in U937
monocytic cell line and peripheral blood mononuclear cells (PBMC) from COPD patients. Activities of HDAC and protein
phosphatase 2A (PP2A) were measured by fluorescence-based assay in cells exposed to hydrogen peroxide (H2O2). We also
investigated steroid insensitive airway neutrophilia in cigarette smoke exposed mice in vivo.

KEY RESULTS
SOL (10 mM) restored Dex sensitivity in PBMC from COPD patients, H2O2-treated U937 cells and phorbol 12-myristate
13-acetate-differentiated U937 cells. In addition, SOL restored HDAC activity with concomitant inhibition of Akt
phosphorylation as surrogate marker of PI3K activation. The inhibition of Akt phosphorylation by SOL was due to increased
PP2A phosphatase activity, which was reduced in COPD and oxidative stress model. Other known macrolides, such as
eryhthromycin, clarithromycin and azithromycin, were significantly less effective in these responses. In cigarette
smoke-exposed mice, SOL (100 mg kg-1, po) showed significant but weak inhibition of neutrophilia, whereas Dex
(10 mg kg-1, p.o.) showed no such effect. However, a combination of SOL and Dex inhibited neutrophilia by over 50%.

CONCLUSIONS AND IMPLICATIONS
SOL has potential as novel therapy for corticosteroid-insensitive diseases such as COPD.

Abbreviations
AZM, azithromycin; CAM, clarithromycin; COPD, chronic obstructive pulmonary disease; Dex, dexamethasone; EM,
erythromycin; HDAC2, histone deacetylase 2; PBMC, peripheral blood mononuclear cells: PI3K, phosphoinositide 3
kinase; PMA, phorbol 12-myristate 13-acetate; PP2A, protein phosphatase 2; SOL, solithromycin
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Introduction
Chronic obstructive pulmonary disease (COPD) is a major
global health problem which is due to chronic inflammation
of peripheral airways and lung parenchyma. There are no safe
and effective anti-inflammatory therapies for COPD and dis-
covery of new agents is held back by a fundamental lack of
knowledge about the cellular, molecular and genetic mecha-
nisms of the disease (Rabe et al., 2007; Ito and Barnes, 2009).
Although the mechanisms of airway inflammation in COPD
are complex, there is increased expression of multiple inflam-
matory genes, including CXC chemokines (CXCL1, CXCL8),
TNF-a and MMP-9 (Nakamaru et al., 2009; Barnes, 2009a). In
sharp contrast to asthma, corticosteroid treatment is poorly
effective in COPD patients because the inflammation seen in
COPD is corticosteroid insensitive (Barnes and Adcock, 2009).

Histone deacetylases (HDAC) are recruited by co-repressor
proteins to switch off gene transcription. In particular, HDAC2
is a prerequisite molecule for corticosteroid-dependent anti-
inflammatory action, and HDAC2 is associated with pro-
inflammatory transcription factors bound to promoter region
of pro-inflammatory genes together with activated cortico-
steroid receptor (GR) (Barnes, 2009b). HDAC2 activity and
expression are markedly reduced in COPD lungs airways and
alveolar macrophages (Cosio et al., 2004; Ito et al., 2005). This
may explain the poor response to corticosteroids in COPD.
Oxidative stress, which is a central driving mechanism in
COPD, activates the enzyme phosphoinositide-3-kinase-d
(PI3Kd). Phosphatidylinositol (3,4,5)-triphosphate produced
via PI3Kd activation phosphorylates downstream kinase Akt
via PDK1 or PDK2 activation (Alessi and Downes, 1998),
resulting in the phosphorylation and inactivation of HDAC2
(Barnes and Adcock, 2009; Barnes, 2009b). Activated Akt is
regulated by dephosphorylation at Thr308 and Ser473 as well as
by degradation of Akt proteins. Protein phosphatase 2A (PP2A)
is a serine/threonine phosphatase that dephosphorylates Akt
at these sites (Desaki et al., 2004; Parnham, 2005).

Since the discovery of erythromycin (EM) therapy for
diffuse panbronchiolitis, macrolides have been postulated to
reduce airway inflammation. Clinical and experimental data
indicate that macrolides have anti-inflammatory properties
independently of their antibacterial effects (Takizawa et al.,
1995; Takizawa et al., 1997; Desaki et al., 2004; Parnham,
2005; Crosbie and Woodhead, 2009; ). Recently, a number of
reports showed beneficial effects of macrolides on exacerba-
tion of COPD (Milstone, 2008; He et al., 2010; Albert et al.,
2011; Pomares et al., 2011). In addition, clarithromycin
(CAM) is reported to reduce the requirement for corticoster-
oids in patients with corticosteroid-dependent asthma sig-
nificantly (Garey et al., 2000; Gotfried et al., 2004). However
the molecular mechanism of anti-inflammatory effects or
corticosteroid-sparing effects has not yet been elucidated.

Solithromycin (SOL; CEM-101; Cempra Pharmaceuticals,
Inc., Chapel Hill, NC, USA) is a novel fluoroketolide antibac-
terial agent related to 14-member-ring macrolides that has
activity against many bacteria causing pneumonia (Farrell
et al., 2010; McGhee et al., 2010) and is currently in clinical
development for the treatment of bacterial pneumonia.
In this manuscript, we investigated the effects of SOL in
corticosteroid sensitivity in corticosteroid insensitive model
and its molecular mechanism.

Methods

Further details have been described in web-depository sup-
porting information.

Cells
Peripheral blood mononuclear cells (PBMCs), U937 cells,
were cultured as previously described (Charron et al., 2009;
Kobayashi et al., 2011). U937 were differentiated into an
adherent macrophage-like morphology by exposure to
phorbol 12-myristate 13-acetate (PMA; 50 or 100 ng ml-1) for
48 or 72 h.

Corticosteroid sensitivity
PBMCs were treated with dexamethasone (Dex; 10-11 to
10-6 M) for 45 min, followed by the TNF-a (10 ng mL-1) stimu-
lation overnight. U937 cells were incubated with H2O2 4 h
before, treated with macrolides 1 h before and treated with
Dex 45 min before the TNF-a (10 ng mL-1) stimulation, and
cells were incubated for 4 h further. PMA-differentiated U937
cells were treated with macrolides for 1 h, and then stimu-
lated with H2O2 (1 mM) 1 hr before and treated with Dex
45 min before the TNF-a (10 ng mL-1) stimulation for 4 h.
CXCL8 in supernatant was evaluated by ELISA according
to the manufacturer’s instructions (R&D Systems Europe,
Abingdon, UK). As markers of steroid sensitivity, IC50 values
for Dex (Dex-IC50) on CXCL8 production for PBMCs, Dex-
IC50, EC50 values for Dex (Dex-EC50) and Emax for U937 cells
were calculated using Prism 4.0 (GraphPad Software Inc., San
Diego, CA, USA).

Cell lysis and Western blotting
Protein preparation from cells and Western blotting analysis
were performed as previously described (Kobayashi et al.,
2011). Phosphatase inhibitor (Active Motif, Rixensart,
Belgium) was used as needed.

In cell HDAC assay and HDAC2 activity
For ‘In cell HDAC assay’, cells were incubated with Fluor de
Lys™ substrate (40 mM) for 1 h before cell lysis. To measure
HDAC2 activity, HDAC2 was immunoprecipitated (IP) with
anti-HDAC2 antibody in cell lysate. HDAC2-IP samples with
assay buffer were incubated with Fluor de Lys substrate for 1 h.
HDAC activity was expressed as mM of fluorescence standard
provided in the kit.

Protein phosphatase activity
Phosphatase activities in cell lysates and immunoprecipitates
with the rabbit anti-PP2A antibody (Bethyl Laboratories Inc.,
Montgomery, TX, USA) were determined using the Sen-
soLyteTM MFP Protein Phosphatase Assay system (AnaSpec,
San Jose, CA, USA) as previously reported (Kobayashi et al.,
2011).

Membrane protein extraction
Membrane protein fraction was isolated using ProteoExtract®

Transmembrane Protein Extraction Kit (Novagen, Madison,
WI, USA).
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Cigarette smoke exposure model in vivo
C57BL/6J mice (male, 4 weeks) were purchased from CLEA
Japan, Inc, (Tokyo, Japan) and adapted for 1 week. Mice were
exposed to cigarette smoke (4% cigarette smoke diluted with
compressed air) for 30 min day-1 for 12 days as previously
reported (Nakamaru et al., 2009), and five mice were used for
each group. SOL (100 mg kg-1, p.o.) and Dex (10 mg kg-1,
p.o.) were resuspended into 0.5% carboxylmethylcysteine
and administered orally 1 h before 5th–12th tobacco smoke
exposure. Bronchoalveolar lavage was performed at 24 h after
the last cigarette smoke exposure, and the number of alveolar
macrophages and neutrophils was determined from Diff-
Quick stained specimens. This animal study was approved
by The Experimental Animal Ethics Committee in Kyorin
University.

All studies involving animals are reported in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010).

Statistical analysis
Comparisons of two groups of data were performed using the
Mann–Whitney U-test, a paired t-test or the Wilcoxon signed
rank test. Correlation coefficients were calculated with the
use of Spearman’s rank method. Other data were analysed by
one-way ANOVA with post hoc test, as appropriate. The differ-
ence was considered significant at P < 0.05. The results were
expressed as the mean � SEM.

Results

SOL restored corticosteroid sensitivity in
PBMCs from COPD patients and oxidative
stress exposed U937cells
PBMC from six COPD patients and four healthy subjects were
stimulated with TNF-a in the presence or absence of Dex, and

the IC50 value on CXCL8 release was calculated as the index
of Dex sensitivity (Dex-IC50). Corticosteroid sensitivity was
determined as the IC50 value of Dex. The Dex-IC50 value in
COPD patients was 15.0 � 4.6 nM, which was 4.1 higher than
that of healthy subjects (Dex-IC50 (3.7 � 0.38 nM), suggesting
that PBMCs from COPD patients were fourfold less sensitive
to Dex than healthy subjects. SOL (10 mM) significantly
improved Dex-IC50 (15.0 � 4.6 nM in vehicle control, 6.5 �

1.4 nM in SOL, P < 0.01) (Figure 1A). EM and CAM demon-
strated a tendency to decrease Dex-IC50 values at higher con-
centrations (100 mM), whereas azithromycin (AZM) had no
effect (Figure 1B, Supporting Information Fig. S1 for indi-
vidual plots).

We also used an H2O2-dependent steroid-insensitive
model in U937 cells. H2O2 (200 mM for 4 h) shifted Dex-
inhibition curve to the right (Figure 1C) and the Dex-IC50

value of H2O2-treated cells was 16-fold higher than that of
intact cells (Dex-IC50: 0.73 � 0.065 nM in NT, 11.6 � 1.2 nM
in H2O2), suggesting 16-fold less sensitive to Dex treatment
(Figure 1C, Table 1). When the macrolides were treated at 3 h
after H2O2 stimulation and then cells were stimulated with
TNF-a at 1 h after the macrolide treatment. EM did not
restore the corticosteroid sensitivity at 10 mM, but signifi-
cantly improved at 100 mM H2O2 (Dex-IC50: 11.6 nM in H2O2,
8.5 nM in H2O2 with EM at 10 mM, 2.6 nM in H2O2 with EM
at 100 mM) (Figure 1D, Table 1). Similarly, CAM did not
restore the corticosteroid sensitivity at 10 mM, but improved
it at 100 mM H2O2 (Dex-IC50: 11.6 nM in H2O2, 13.8 nM in
H2O2 with CAM at 10 mM, 4.8 nM in H2O2 with CAM at
100 mM) (Figure 1E, Table 1). In contrast, AZM did not show
any significant effect on Dex sensitivity at 100 mM (Figure 1F,
Table 1). Pharmacological parameter EC50 analysis also
showed similar trend, and Emax was significantly improved
only in SOL, 100 mM, treated cells (Table 1). Furthermore, we
also evaluated Dex sensitivity in TNF-a-induced IL-1b pro-
duction and also IL-6 production (Supporting Information
Table S2). The level of IL-1b and IL-6 were much lower than

Table 1
Effect of macrolides on Dex-concentration response on TNF-a-induced CXCL8 production in U937 cells

Treatment

Concentration

Intact U937
(H2O2, 200 mM, 4 h)

PMA-U937
(H2O2, 1 mM, 30 min)

IC50-Dex EC50-Dex Emax IC50-Dex EC50-Dex Emax

(mM) (nM) (nM) (%) (nM) (nM) (%)

NT 0.73 � 0.065 0.56 � 0.12 90 � 3.2 8.5 � 0.59 4.9 � 0.56 76 � 1.6

H2O2 11.6 � 1.2 4.5 � 0.60 68 � 0.76 38.5 � 3.4 21.3 � 2.6 76 � 0.41

+SOL 10 2.5 � 0.25 1.1 � 0.18 74 � 0.93

100 1.4 � 0.15 0.84 � 0.12 88 � 0.36 5.0 � 0.69 3.2 � 1.6 74 � 0.27

+EM 10 8.5 � 0.40 3.1 � 0.31 68 � 0.74

100 2.6 � 0.28 1.1 � 0.13 76 � 0.54 54.4 � 2.4 17.3 � 0.98 71 � 2.9

+CAM 10 13.8 � 1.5 5.1 � 1.5 70 � 4.0

100 4.8 � 0.41 2.4 � 0.25 82 � 0.97 56.2 � 8.4 17.9 � 5.0 71 � 1.4

+AZM 100 9.4 � 1.6 3.1 � 0.27 70 � 2.6 83.5 � 16.0 46.5 � 21.8 71 � 1.1
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CXCL8, but H2O2 showed reduction of Dex sensitivity. Also,
SOL restored Dex sensitivity as shown above.

We then evaluated Dex sensitivity in PMA-differentiated
macrophage like U937 cells. The Dex-IC50 value in intact
U937 cells was 0.73 � 0.065 nM as shown before, but the
Dex-IC50 value in PMA-treated U937 cells was 8.5 � 0.59 nM,
suggesting that macrophage-like cells were 12-fold less sensi-
tive to Dex. These PMA-treated cells became less sensitive by
H2O2 exposure (1 mM for 1 h) (Dex-IC50: 8.5 � 0.59 nM in NT,
38.5 � 3.4 nM in H2O2) (Table 1). When the macrolides were
added 1 h before H2O2 stimulation and 2 h before TNF-a
stimulation, SOL (10 mM) restored Dex sensitivity reduced by

exposure to H2O2 (Dex-IC50: 38.5 nM in H2O2, 5.0 nM in H2O2

with SOL at 100 mM) (Table 1). Neither EM, CAM nor AZM
restored the corticosteroid sensitivity at 100 mM (Table 1).
Analysis using pharmacological parameter EC50 also showed
similar trend, and none of the macrolides increased Emax
(Table 1).

Reversal of corticosteroid resistance in
cigarette smoke-exposed mice in vivo by SOL
C57BL/6J mice were exposed to cigarette smoke for 10 days,
and treated with SOL at 100 mg kg-1, p.o. and/or Dex
(10 mg kg-1, p.o.) once daily in the last 3 days of cigarette

Figure 1
Effects of macrolides on corticosteroid sensitivity in PBMCs from COPD patients and H2O2-treated U937 cells. (A,B) Effects of SOL, (10 mM) (A) EM,
CAM and AZM at 100 mM on Dex sensitivity in PBMCs from COPD patients. PBMCs were incubated with macrolides for 30 min. The sensitivity
to Dex was evaluated on TNF-a-induced CXCL8 production. (C–F) U937 cells were stimulated with H2O2 (200 mM) at 4 h before and then treated
with Dex (10-11 to 10-6 M) at 45 min before TNF-a stimulation for overnight. SOL (10, 100 mM) (C), EM (10, 100 mM) (D), CAM (10, 100 mM)
(E) and AZM (100 mM) (F) were added 1 h before TNF-a stimulation. Data in C–F were expressed as mean � SEM of three experiments.
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smoke exposure. Cigarette smoke exposure significantly
increased alveolar macrophages (air: 4.3 � 0.53 ¥
104 cells mL-1, smoke + vehicle: 16.6 � 0.81 ¥ 104) and
neutrophils (air: 2.2 � 0.39 ¥ 104 cells mL-1, smoke + vehicle:
12.9 � 1.2 ¥ 104). As shown in Figure 2A,B, Dex did not
inhibit alveolar macrophage and neutrophil accumulation.
Although SOL showed only 17% inhibition on alveolar mac-
rophage accumulation (smoke + vehicle: 16.6 � 0.81 ¥ 104

cells mL-1, smoke + SOL: 14.5 � 1.6 ¥ 104), it significantly
inhibited neutrophil accumulation by 38% (smoke + vehicle:
12.9 � 1.2 ¥ 104 cells mL-1, smoke + SOL: 8.8 � 0.8 ¥ 104).
When SOL was administered with Dex, the combination
strongly inhibited both alveolar macrophage (11.2 � 8.3 ¥
104 cells, 43% inhibition) and neutrophil accumulation (6.4
� 0.95 ¥ 104 cells, 61% inhibition) (Figure 2A,B).

SOL restores HDAC activity and expression
in parallel with inhibition of Akt
phosphorylation under oxidative stress
PMA-dependent differentiation to macrophage-type cells
caused reduction of HDAC activity in U937 cells as seen in
Figure 3A [HDAC activity (mM of standard): 0.40 � 0.020 in
intact U937 cells: 0.17 � 0.015 in PMA differentiated U937
cells]. This reduction was completely inhibited by 100 mM
of N-acetyl cysteine, an antioxidant, suggesting that the
reduction is due to endogenous oxidative stress produced
during differentiation. The total HDAC activity in PMA-
differentiated cells was further reduced by 36% after H2O2

exposure to 0.11 � 0.022 mM of standard (Figure 3A). SOL
concentration-dependently increased total HDAC activity,
and the level at 100 mM was close to the level seen in intact
U937 cells rather than that of PMA-differentiated U937 cells
(Figure 3B). All standard macrolides (EM, CAM and AZM) also
restored H2O2-dependent reduction of HDAC activity (33–
333 mM), but the efficacies were not significant. The concen-
trations to increase total HDAC activity by 300% of that of

H2O2-exposed PMA U937 cells (EnC300) were 6.7, 101, 128 and
169 mM in SOL, EM, CAM and AZM respectively. Thus, SOL
was 10-fold more potent on an increase in HDAC activity.

H2O2 (1 mM) also clearly increased the level of Akt phos-
phorylation (Figure 3C,D). SOL inhibited the H2O2-induced
Akt phosphorylation in a concentration-dependent manner,
and the IC50 value was 21 mM, and the level was similar to the
EnC300 for HDAC activity by SOL (6.7 mM, Table 2). EM also
concentration-dependently inhibited Akt phosphorylation
and showed 46% inhibition at 100 mM. However, the inhibi-
tory activity was not increased at 333 mM. Both CAM and
AZM also weakly inhibited it with IC50 values of 201 and
247 mM respectively (Figure 3C,D) (Table 2).

Although effects of macrolides on PI3K enzyme activity
were evaluated as the molecular mechanism of inhibition of
Akt phosphorylation, none of macrolides inhibited PI3Ka, b,
g and d enzyme activity up to 333 mM (Supporting Informa-
tion Table S3).

Figure 2
Effects of SOL with or without Dex on alveolar macrophage and neutrophil accumulation in cigarette smoke-exposed mice. C57BL/6J mice (n =
5 per group) were exposed to cigarette smoke (4%) for 30 min day-1 for 12 days. SOL (100 mg kg-1 orally), Dex (10 mg kg-1 orally), a
combination of these treatments were administered once daily at 1 h before 5th-12th smoke exposure. BAL was collected 24 h after the final
smoke exposure. The number of alveolar macrophages (A) and neutrophils (B) in BAL fluid was calculated; *P < 0.05, **P < 0.01 (vs. smoke
control).

Table 2
Effect of macrolides on H2O2-induced reduction of HDAC activity and
Akt phosphorylation

HDAC activity pAkt

(H2O2, 1 mM, 30 min) (H2O2, 1 mM, 30 min)

EnC300 (mM) IC50(mM)

SOL 6.7 21

EM 101 46% at 100 mM

CAM 128 201

AZM 169 247

EnC300: concentrations to achieve to 300% of the level of
PMA-H2O2 control.
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Protein phosphatase PP2A is involved in
SOL-mediated effects
As pAkt is reported to be dephosphorylated by phosphatase
PP2A, we investigated the effects of okadaic acid (OA)
(10-9 M), a selective PP2A inhibitor, on restoration of corti-
costeroid sensitivity by SOL. Although pretreatment with
SOL (10 mM) completely restored Dex sensitivity reduced
under H2O2 (500 mM, 1 h) in PMA-differentiated U937 cells
(Dex-IC50: 8.5 � 0.59 nM in vehicle control, 38.5 � 3.4 nM in
H2O2, 5.0 � 0.69 nM mM in H2O2 with SOL, n = 3). However,
OA treatment completely reversed SOL effects (45.8 � 7.4 nM
in H2O2 with SOL plus OA, n = 3) (Figure 4A).

As shown in Figure 4B, H2O2 exposure (500 mM, 1 h) sig-
nificantly reduced activity of IP HDAC2 by 35% [HDAC2
activity (mM of standard): 0.12 � 0.010 of non-treatment
control, 0.078 � 0.014 of H2O2 treated, n = 3] and SOL
(10 mM) clearly restored H2O2-induced reduction of HDAC2

activity [HDAC2 activity (mM of standard): 0.16 � 0.014 of
H2O2 plus SOL treated, n = 3]. However, OA almost completely
reversed the effect of SOL [HDAC2 activity (mM of standard);
0.12 � 0.010 in NT, 0.078 � 0.014 in H2O2, 0.16 � 0.014 in
H2O2 with SOL, 0.079 � 0.0081 in H2O2 with SOL plus OA,
n = 3] (Figure 4B). Furthermore, H2O2 (500 mM, 30 min)
enhanced HDAC2 phosphorylation with concomitant
induction of Akt phosphorylation, and OA abrogated
SOL-mediated dephosphorylation of HDAC2 and Akt
(Figure 4C,D).

As shown in Figure 4E, PP2A activity was significantly
reduced in PBMCs from patients with COPD compared with
healthy volunteers. PBMCs from COPD GOLD stages III–IV
showed further reduction of PP2A activity compared with
patients with COPD stages I–II, and there was a positive
correlation between PP2A activity in PBMCs and lung func-
tions [FEV1 (% predicted) and FEV1/FVC] (Supporting Infor-
mation Fig. S2). Interestingly, SOL increased PP2A activity in

Figure 3
Effects of macrolides on total HDAC activity and Akt phosphorylation under oxidative stress. (A) Reduction of HDAC activity in PMA-differentiated
U937 cells, and reversal by N-acetyl cysteine (NAC). Cells were treated with PMA (50 ng mL-1) for 48 h, and NAC 100 mM was treated 20 min
before and 24 h after PMA treatment. (B) Effects of macrolides on total HDAC activity in PMA-differentiated U937 cells. Cells were pretreated with
macrolides (10 to 330 mM) for 20 min and then treated with H2O2 (1 mM) for 30 min. Total HDAC activity was determined by in-cell HDAC activity
assay. (C) Effects of macrolides on H2O2-induced phosphorylation of Akt in PMA-differentiated U937 cells. Cells were pretreated with macrolides
(33 to 330 mM) for 20 min, followed by H2O2 (1 mM) stimulation for 30 min. Phosphorylation levels of Akt were measured by Western blot (C)
and calculated relative to total Akt protein (D). Values represent means of three experiments � SEM. #P < 0.05 (vs. vehicle control), *P < 0.05,
**P < 0.01 (vs. treatment with H2O2).
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PBMC from patients with COPD [PP2A activity (AFU
mg-1 min-2); 0.94 � 0.13 in NT, 1.51 � 0.20 in SOL, n = 6]
(Figure 4F). In addition, although H2O2 decreased PP2A
activity, SOL restored H2O2-induced reduction of PP2A activ-
ity in PMA-differentiated U937 cells [PP2A activity (AFU
mg-1 min-2); 0.77 � 0.01 in NT, 0.68 � 0.02 in H2O2, 0.92 �

0.06 in H2O2 with SOL, n = 3]. SOL also activated PP2A in cell
membrane fraction within 3 min after treatment and this
effect lasted more than 20 min (Supporting Information
Fig. S3). In addition, immunopurified PP2A from U937 cells
was activated by SOL (10 mM), and the effect was more potent
or similar to that of EM (100 mM), at 10 times higher concen-
tration than SOL [PP2A activity (AFU/mg min-1); 0.63 � 0.05
in NT, 1.14 � 0.10 in SOL, 0.97 � 0.06 in EM, n = 4] (Sup-
porting Information Fig. S3C).

Discussion and conclusions
In this study, we demonstrated that a novel macrolide/
fluoroketolide, SOL (CEM-101), restored corticosteroid sensi-
tivity in PBMC from COPD patients. SOL up-regulated
HDAC2 activity under conditions of oxidative stress via inhi-
bition of Akt phosphorylation, resulting in restoration of
corticosteroid sensitivity. Protein phosphatase PP2A activa-
tion by SOL is likely a key molecular mechanism in PI3K
signalling inhibition, thus demonstrating a novel mechanism
of action.

A major problem in the therapy of COPD is its poor
response to corticosteroids. In our data, the Dex-IC50 value
was fourfold higher in PBMCs of COPD patients than that of
healthy subjects. We used TNF-a-induced CXCL8 release in

Figure 4
Effects of protein phosphatase PP2A inhibitor on SOL-mediated actions under oxidative stress and PP2A activity in PBMCs from COPD patients.
Cells preincubated with a selective PP2A inhibitor, OA (10-9 M) for 1 h (A and B) or overnight (C and D) were treated with SOL (100 mM) for
20 min, followed by exposure to H2O2 (500 mM for 30 min). (A) Effect of OA on SOL-mediated restoration of Dex sensitivity in PMA-differentiated
U937 cells. (B) Effect of OA on SOL-mediated HDAC2 activation in PMA-differentiated U937 cells. HDAC2 was immunopurified and HDAC2 activity
was determined. (C,D) Effect of OA on SOL-mediated dephosphorylation of HDAC2 and Akt in PMA-differentiated U937 cells. Phosphorylation
levels of HDAC2 (C) and Akt (D) were measured by Western blot and normalized to the expression of total HDAC2 or Akt protein. (E) PP2A activity
in PBMCs from four healthy volunteers (HV), four patients with mild and moderate COPD (GOLD stage I and II) and five patients with severe and
very severe COPD (GOLD stage III and IV). (F) Effect of SOL on PP2A activity in PBMCs from COPD patients. Cells were treated with SOL (10 mM)
for 20 min before lysation. Values represent means of three experiments � SEM. Individual values and means of subjects are shown in E. Six
individual values are shown in F. #P < 0.05 (vs. HV or NT), *P < 0.05, **P < 0.01 (as shown between two groups).
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PBMCs as readout to determine corticosteroid sensitivity.
CXCL8 is abundant in bronchoalveolar lavage fluid and
sputum obtained from COPD patients (Hollander et al., 2007;
Paone et al., 2011). This is a chemotactic factor of neu-
trophils, and activated neutrophils cause lung injury and
emphysema (Hollander et al., 2007). Therefore, CXCL8 is
believed to be involved in pathogenesis of COPD. Even more
importantly, CXCL8 is relatively corticosteroid insensitive in
intact cells and also more resistant to corticosteroid treatment
in COPD in vitro and in vivo (Ford et al., 2010; Knobloch et al.,
2011). In addition, practically the induction level of CXCL8
is robust and the CXCL8 production was not often interfered
with test agents. To determine corticosteroid sensitivity of
patients, we found that TNF-a-induced CXCL8 in PBMCs is
better readout than other cytokines and stimulation. For
example, LPS-induced cytokine production is corticosteroid
sensitive and the levels of cytokines are very variable, possi-
bly due to different expression of TLR4 in patients. Therefore,
we have established this system for evaluation of agents on
corticosteroid sensitivity, and we already tested theophylline,
formoterol, salmeterol, nortriptyline, PI3K inhibitors and
p38MAPK inhibitors (To et al., 2010; Mercado et al., 2011a,b;
2012; Kobayashi et al., 2012). Thus, this system using TNF-a-
induced CXCL8 system is robust and reproducible, and we
are able to detect efficacy using PBMCs from six donors based
on power calculations ‘if the agent induces more than 2 fold
reduction of Dex-IC50’. Therefore, we recruited six COPD
patients initially. This Dex insensitivity seen in PBMCs of
COPD on TNF-a-induced CXCL8 production was also repli-
cated well in U937 monocytic cells exposed to H2O2 (Rossios
et al., 2012). As shown in Figure 1C, H2O2-treated cells were
10-fold less sensitive to Dex treatment than intact cells. In
addition, the Dex insensitivity by H2O2 was also seen in
TNFa-induced IL-1b and IL-6 production, and SOL reversed
the corticosteroid insensitivity in U937 cells (Supporting
Information Table S2).

The main aim of this study was to evaluate SOL in these
corticosteroid-insensitive models, and our data for the first
time showed that SOL restored corticosteroid sensitivity in
PBMC from COPD patients and human monocytic culture
cells under conditions of oxidative stress (Figure 1A,B,C).
Macrolides currently used in the clinic, EM and CAM, par-
tially (but not significantly) restored corticosteroid sensitivity
in PBMCs from COPD patients at 10-fold higher concentra-
tions compared with SOL (Figure 1B, Supporting Information
Fig. S1A–C). These findings were supported by previous
reports showing that CAM significantly reduced the require-
ment for corticosteroids in patients with corticosteroid-
dependent asthma (Garey et al., 2000; Gotfried et al., 2004). If
the clinical effect of CAM is real, SOL could have the potential
to improve corticosteroid sensitivity further. As resident
macrophage is known to be less sensitive to corticosteroid
treatment, we also prepared macrophage-like cells by incuba-
tion with PMA. As seen in Figure 4A and Table 1, PMA-
differentiated macrophage like U937 cells was less sensitive to
Dex and H2O2 treatment further reduced corticosteroid sen-
sitivity. In this system, only SOL restored Dex sensitivity at
10 mM.

This enhancement of corticosteroid effect by SOL was
also confirmed in corticosteroid-insensitive inflammation
in cigarette smoke-exposed mice in vivo. Eleven-day smoke

exposure-induced airway neutrophilia was not inhibited by
Dex (10 mg kg-1, p.o.), which is able to inhibit LPS-induced
neutrophilia by 70% (data not shown). Neutrophil accumu-
lation was more sensitive to SOL treatment than alveolar
macrophage accumulation. As we reported that SOL is able to
inhibit CXCL8 production induced by LPS in U937 cells with
IC50 of 78 mM, which is more than 10-fold superior to any
other macrolides (Kobayashi et al., 2013), SOL affected alveo-
lar macrophages to inhibit CXCL8, leading inhibition of neu-
trophil chemotaxis.

The major cause of corticosteroid insensitivity in COPD is
reported to be down-regulation of HDAC2 activity and
expression (Cosio et al., 2004; Ito et al., 2005). HDAC2 is
known to be phosphorylated mainly at Ser349, Ser422 and Ser424

(Tsai and Seto, 2002). Activated PI3Kd, which is up-regulated/
activated in COPD and by oxidative stress, and consequently
phosphorylated Akt, phosphorylates HDAC2, leading to
enhancement of ubiquitination and degradation of HDAC2
by the proteasome pathway (Ito et al., 2007; Adenuga et al.,
2009; Barnes and Adcock, 2009; Osoata et al., 2009). Recent
studies showed that inhibition of PI3Kd restores corticoster-
oid function in cells from COPD patients and in an oxidative
stress-induced corticosteroid insensitive model (Marwick
et al., 2009; 2010). We demonstrated that PMA treatment
reduced HDAC activity by production of endogenous
oxidative stress (Figure 3A) and H2O2 further reduced HDAC
activity. In this system, SOL remarkably reverses oxidative
stress-induced reduction of HDAC2 activity, and increased
further to the level of intact (non-PMA treated) U937 cells
(Figure 3B). The increase in HDAC activity was in parallel
with inhibition of Akt phosphorylation (Figure 3C,D) and
dephosphorylation of HDAC2 (Figure 4C). Other macrolides,
such as EM and CAM, also restored HDAC activity and inhib-
ited Akt phosphorylation, but the effects were more than
100-fold weaker than SOL, which is consistent in all systems
through this manuscript. It is not clear why SOL is better than
other known macrolides. EM is the first macrolide from
which acid-stable second-generation macrolides, CAM and
AZM were derived. These antibiotics had the same antibacte-
rial activity and anti-inflammatory properties but had better
pharmacokinetics than the older EM. The antibacterial
activity of the macrolides is attributed to the binding of
the N-dimethyl group on the desosamine sugar which is
common to all macrolides. The structure responsible for the
anti-inflammatory properties is not known but is attributed
to the macrocyclic ring as all macrolides appear to have some
of this activity. A new generation of macrolides was devel-
oped called the ketolides, in which the cladinose sugar of
CAM is displaced by a keto group, and a C11-C12 carbamate
with a side chain added stability to the macrocyclic ring and
adding a second binding site to the bacterial ribosome. Tel-
ithromycin was the first approved ketolide but has failed
because of serious adverse events. SOL differs from telithro-
mycin in not having a pyridine in the side chain which has
been attributed to have resulted in ACh nicotinic acid recep-
tor activity inhibition resulting in major adverse events
(Bertrand et al., 2010). In addition, in SOL the keto group at
the 3-position is protected by a fluorine at the 2-position and
remains in the keto configuration, and unlike in the older
ketolides like telithromycin which converts where the keto
group converts to an enol group. The fluorine group likely
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contributes to better bioavailability and pharmacokinetics as
well also is a third binding site on the ribosome (Llano-Sotelo
et al., 2010). SOL has been demonstrated to accumulate
200 times the plasma level in the alveolar macrophages and
10 times the concentration in the epithelial lining fluid
(Rodvold et al., 2012), and also accumulated more in
macrophage-type THP1 cells (Lemaire et al., 2009). Thus,
unique chemical structure contributes to the potent efficacy.
Further structure–activity relationship analysis will be
required.

PI3Kd enzyme inhibition is reported as the mechanism of
restoration of HDAC activity (Marwick et al., 2009; To et al.,
2010). However, none of the macrolides showed inhibitory
effects in a direct PI3Ka, b, g and d enzyme assay (Supporting
Information Table S3) in contrast to theophylline and
IC87114. This suggests that SOL inactivates PI3K-Akt
pathway in a different way rather to direct kinase inhibition.
PP2A, a serine/threonine phosphatase, is capable of dephos-
phorylating Akt in vitro, and OA, a PP2A inhibitor, has been
shown to reverse PP2A-mediated Akt dephosphorylation
(Andjelkovic et al., 1996). We found that PP2A inhibition by
OA abrogated SOL-mediated restoration effects on HDAC2
activity and corticosteroid sensitivity which are impaired
under oxidative stress (Figure 4A,B) as well as pAkt inhibition
(Figure 4D). Moreover, SOL increased PP2A activity, which
was reduced in COPD and in an oxidative stress model
(Figure 4 and Supporting Information Fig. S3A). The effect of
SOL was equivalent or superior to that of EM at 10 times
higher concentration than SOL (Supporting Information
Fig. S3). Another possible mechanism of PI3K-Akt inhibition
would be the enhancement of phosphatase and tensin homo-
logue deleted on chromosome 10 (PTEN) activation (Cantley
and Neel, 1999). Oxidative stress activates PI3K-dependent
signalling via inactivation of PTEN (Leslie et al., 2003).
Although it remains unclear whether SOL can activate PTEN,
PTEN is unlikely involved in SOL’s effect as U937 cells have
undetectable levels of PTEN expression (Dahia et al., 1999)
and we did find that SOL did not change PTEN activity in
A549 cells (data not shown). It is still unclear how SOL acti-
vates PP2A. PP2A is known to activate by cAMP (Feschenko
et al., 2002), but we reported that formoterol restored corti-
costeroid sensitivity in severe asthma via PP2A activation
but in cAMP-independent manner (Kobayashi et al., 2012).
Further, molecular-based analysis, including structure–
activity relationship, will be required to identify the mecha-
nism of PP2A activation by SOL.

In conclusion, our findings revealed that a novel mac-
rolide fluoroketolide, SOL (CEM-101), restored corticosteroid
sensitivity by inhibition of PI3K signalling under oxidative
stress, and was more potent than any other macrolides tested.
SOL has potential as a therapy for corticosteroid insensitive
diseases, such as COPD.
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Effects of macrolides on steroid sensitivity in
PBMCs from COPD patients. Cells were incubated with EM
(100 mM) (A), CAM (100 mM) (B) and AZM (100 mM) (C) for
30 min. The cell sensitivity to Dex was evaluated. Five (A and
C) and six (B) individual values are shown.
Figure S2 Correlation between PP2A activity in PBMCs and
lung functions. Correlation with FEV1 (% predicted) (A) and
FEV1 FVC-1 (B). Thirteen individual values and the dotted
lines indicating 95% confidence interval are shown.
Figure S3 Effects of SOL on PP2A activity. (A) Effect of SOL
on H2O2-induced reduction of PP2A activity in PMA-
differentiated U937 cells. Cells pretreated with SOL (10 mM)
for 20 min were exposed to H2O2 (200 mM) for 4 h before
whole-cell extraction. (B) Time-course study of SOL effect on
membrane-located PP2A activity. Activities of immunopuri-
fied PP2A from membrane protein fraction were measured
with SOL (10 mM; solid triangle and 100 mM; open triangle)
treatment for 3–25 min. Data are expressed as fold changes
against baseline (Time 0). (C) Effects of SOL and EM on IP
PP2A activity in U937 cells. SOL and EM were incubated with
IP-PP2A for 20 min. Values represent means of three (A,C) or
four (B) experiments � SEM. #P < 0.05, ##P < 0.01 (vs. non-
treatment control or Time 0), **P < 0.01 (vs. as shown
between two groups).
Table S1 Study subjects for PBMCs.
Table S2 Effect of macrolides on Dex-concentration
response on TNFa-induced IL-1b and IL-6 production in
U937 cells.
Table S3 Effects of SOL and EM on PI3K enzyme activity.
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