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Pleural loculation affects about 30,000 patients annually in the United States and in severe cases can
resolve with restrictive lung disease and pleural fibrosis. Pleural mesothelial cells contribute to pleural
rind formation by undergoing mesothelial mesenchymal transition (MesoMT), whereby they acquire a
profibrotic phenotype characterized by increased expression of a-smooth muscle actin and collagen 1.
Components of the fibrinolytic pathway (urokinase plasminogen activator and plasmin) are elaborated
in pleural injury and strongly induce MesoMT in vitro. These same stimuli enhance glycogen synthase
kinase (GSK)-3b activity through increased phosphorylation of Tyr-216 in pleural mesothelial cells and
GSK-3b mobilization from the cytoplasm to the nucleus. GSK-3b down-regulation blocked induction of
MesoMT. Likewise, GSK-3b inhibitor 9ING41 blocked induction of MesoMT and reversed established
MesoMT. Similar results were demonstrated in a mouse model of Streptococcus pneumoniaeeinduced
empyema. Intraperitoneal administration of 9ING41, after the induction of pleural injury, attenuated
injury progression and improved lung function (lung volume and compliance; P < 0.05 compared with
untreated and vehicle controls). MesoMT marker a-smooth muscle actin was reduced in 9ING41-treated
mice. Pleural thickening was also notably reduced in 9ING41-treated mice (P < 0.05). Collectively,
these studies identify GSK-3b as a newly identified target for amelioration of empyema-related pleural
fibrosis and provide a strong rationale for further investigation of GSK-3b signaling in the control of
MesoMT and pleural injury. (Am J Pathol 2017, 187: 2461e2472; http://dx.doi.org/10.1016/
j.ajpath.2017.07.007)
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The most common causes of pleural fibrosis (PF) are
pneumonia with complicated parapneumonic effusion
(CPE) or empyema, tuberculosis and asbestos-related
pleural disease, collagen vascular diseases, and coronary
artery bypass graft surgery.1e4 Related to pleural infections,
the incidence of CPEs is increasing and is associated with
increased deaths, especially in patients with comorbidities,
including loculation and PF.4 Current surgical treatment for
CPE/empyema is invasive, and alternative treatment with
intrapleural fibrinolysins with or without DNase is empir-
ical, not approved by the US Food and Drug Administration
or other regulatory agencies, and is associated with variable
outcomes in adults.5e7

Pleural thickening is clearly related to poor outcomes of
CPE/empyema and their treatment, which is designed to
stigative Pathology. Published by Elsevier Inc
facilitate pleural drainage and to limit organization of
loculated, pleural fluids that are difficult to drain and may
predispose to clinically important PF.8,9 Myofibroblasts
express increased levels of a-smooth muscle actin (a-SMA),
migrate into the pleural, and begin proliferating early pleural
injury.10e12 These cells promote the accumulation of matrix
proteins, including collagen 1 (Col-1), that contribute to the
formation of the pleural rind and subsequent lung restric-
tion.13 The source of these myofibroblasts is likely multi-
factorial. However, recent studies suggest that
. All rights reserved.
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mesomesenchymal transition (MesoMT) of residential
pleural mesenchymal cells (PMCs) contributes to the
expansion of subpleural myofibroblasts that characterize
virtually all forms of pleural injury that progress to
PF.10e12,14 Further, urokinase plasminogen activator (uPA)
and plasmin, mediators that are locally induced in virtually
all forms of pleural injury, induce MesoMT.10 Unfortu-
nately, there is currently no reliably effective pharmaco-
therapy to prevent severe PF and to restrict lung disease
associated with fibrothorax, particularly in adults. These
considerations justify the search for new targets and iden-
tification of more effective interventions for PF.15

Glycogen synthase kinase (GSK) is a Ser/Thr kinase with
two isoforms (a and b).16,17 GSK-3b is a constitutively
active enzyme; phosphorylation of Tyr-216 residue (p-
GSKT) potentiates its kinase activity.18,19 GSK-3b is inac-
tivated by phosphorylation of Ser-9, which acts as a pseu-
dosubstrate and competitively inhibits the kinase’s active
site.17,19 This type of inhibition, however, can be reversed
by increasing amounts of primed GSK-3b substrate.20

Further, Ser-9 phosphorylation has no impact on GSK-
3bemediated phosphorylation of unprimed substrates. The
localization of GSK-3b also plays a role in its activity,
because GSK-3b localized to the nucleus is reported to be
more active than cytosolic pools of GSK-3b.21e23 Although
first identified as a regulator of glycogen synthase, recent
studies have found that GSK-3b can regulate the function of
a diverse list of targets, including transcription factors.22,24

GSK-3b also regulates a number of signaling pathways
that consequently affect the transcriptional activity of
numerous inflammatory mediators.18,24e27 In some cases
inhibition of GSK-3b can drive epithelial-to-mesenchymal
transition and can increase the expression of mesenchymal
markers,28,29 whereas others reported that GSK-3b inhibi-
tion blocks fibroblast activation, thus reducing injury in
acute injury models.30,31 The novel GSK-3b inhibitor,
9ING41, inhibited glycogen synthase phosphorylation and
induced apoptosis in cells with aggressive tumor phenotypes
at a fivefold lower concentration than other GSK-3b in-
hibitors.32 Further, 9ING41 treatment attenuated tumor
progression.32

The role of GSK-3b in pleural injury remains unclear and
is, to our knowledge, previously unexplored. In this study,
the expression of GSK-3b in PMCs was documented, and
then the role of GSK-3b signaling was investigated in the
induction and progression of MesoMT. In dedicated inter-
ventional studies, the contribution of active GSK-3b was
evaluated in the progression of pleural injury and PF in
Streptococcus pneumoniaeemediated empyema in mice.

Materials and Methods

S. pneumoniaeeMediated Model of Pleural Injury

All experiments involving animals were approved by the
Institutional Animal Care and Use Committee at the
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University of Texas Health Science Center at Tyler. Pleural
infections were initiated as previously described.33 Briefly,
C57BL/6 mice (10 to 12 weeks of age, approximately 20 g;
The Jackson Laboratory, Bar Harbor, ME) were first lightly
anesthetized with isoflurane. Intrapleural inoculations
(1.8 � 108 cfu, resuspended in 0.9% saline) of S, pneumoniae
(D39; National Collection of Type Cultures, Salisbury, UK)
were delivered by 150-mL intrapleural injection. The control
group received normal saline under the same conditions.
Antibiotic treatment (enrofloxacin, 15 mg/kg) was initiated
18 hours after infection and administered daily by subcu-
taneous injection for 4 days. Infected mice were monitored
daily to record body weight, dehydration status, activity,
and behavior. If dehydration was detected, mice were sub-
cutaneously injected with 200 to 500 mL of warmed 0.9%
saline, as needed. Moribund animals or those that appeared
in distress were euthanized with Euthasol. For GSK-3b in-
hibitor studies, treatment with 30 mg/kg GSK-3b inhibitor
(9ING41, a generous gift from Actuate Therapeutics, Fort
Worth, TX), or vehicle control, dimethyl sulfoxide, in a
volume of 40 mL was administered 24 hours after infection
and once daily by intraperitoneal injection for 5 days.
Additional negative controls included animals that received
intrapleural injections of saline. After administration of
S. pneumoniae, mice were housed on a heating pad to
maintain an ambient temperature of 30�C throughout the
time course of the experiments.

Lung and Pleural Lavage Collection from S.
pneumoniaeeInfected Mice
Lung and pleural lavages were immediately performed at
the time of death in selected animals using 3 � 500 mL of
sterile normal saline, as previously described.10,33 Total
white cell and differential cell counts were likewise
measured in these fluids, as previously reported.33

Cultures of Mouse Pleural Fluids
Pleural lavages of S. pneumoniaeeinfected or control mice
that received intrapleural saline were cultured on blood agar
plates containing 5% sheep blood (Remel Blood Agar;
Fisher Scientific, Pittsburgh, PA). Neat (50 mL) and 1:100
dilutions of the lavages were cultured on blood agar plates
and incubated 15 hours at 37�C. Colonies were then counted
to confirm bacterial burden.

Lung Histologic Examination, Immunostaining,
Confocal, Bright Field Microscopy, and Morphometry

De-identified human pleural tissues were obtained from the
National Disease Research Interchange from surgical biopsy
or autopsy specimens from patients with a clinical diagnosis
of nonspecific pleuritis or from patients with histologically
near-normal pleural tissues from patients undergoing lung
resection for reasons unrelated to pleural disease or who
died from causes otherwise unrelated to any pleural patho-
logic process. Lung histologic examination and
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Table 1 Primers Used in This Study

Primer Sequence

GSK-3a (GSK3A) F: 50-CAATGTCTCCTACATCTGTTC-30

R: 50-TCGATGGATGAGGTGTAATC-30

GSK-3b (GSK3B) F: 50-TGGAATCTGCCATCGGGATA-30

R: 50-ATTGGGTTCTCCTCGGACCA-30

Col-1 (COL1A1) F: 50-GAACGCGTGTCATCCCTTGT-30

R: 50-GAACGAGGTAGTCTTTCAGCAACA-30

Col-1 (COL1A1) Bio-Rad Prime PCR Probe Assay: FAM
Fluororphore, qHsaCEP0050510

a-SMA (ACTA2) Bio-Rad Prime PCR Probe Assay: FAM
Fluororphore, qHsaCIP0028813

GAPDH Bio-Rad Prime PCR Probe Assay: HEX
Fluororphore, qHsaCEP0041396

a-SMA, a-smooth muscle actin; Col, collagen; F, forward; GSK, glycogen
synthase kinase; R, reverse.

GSK-3b in Pleural Injury
immunostaining were performed as previously
described.10,33,34 All tissue sections (human and murine)
were first deparaffinized and subjected to antigen retrieval
using a citrate buffer at 95�C for 20 minutes. Tissue ana-
lyses, collagen deposition, and localization were initially
assessed by Trichrome staining as previously described.10,34

Morphometric analyses of pleural tissue thickness and depth
of underlying pneumonitis were performed as previously
described.10 Immunofluorescence was used to visualize a-
SMA (MAB1420; R&D Systems, Minneapolis, MN), GSK-
3b (12456; Cell Signaling, Danvers, MA), and calretinin
(C7479; Sigma-Aldrich, St. Louis, MO) expression in
control saline-exposed and S. pneumoniaeeinfected pleu-
ropulmonary sections as previously described.10 Confocal
microscopy was then used to visualize immunofluorescence
and colocalization of the markers. Images were acquired
from a field of view at 0.4-mm z-axis increments with the
LSM 510 Meta confocal system (Carl Zeiss, Thornwood,
NY) at 40� as previously described.10,35

Pulmonary Function Testing

Pulmonary function tests were performed immediately
before computed tomographic (CT) imaging and before
sacrifice, as previously described.10,33,34 Briefly, mice were
anesthetized with a ketamine/xylazine mixture. Anes-
thetized mice were next intubated by inserting a sterile, 20-
gauge intravenous cannula through the vocal cords into the
trachea. Mice were maintained under anesthesia using iso-
flurane during pulmonary function testing. Measurements
were then performed using the flexiVent system (SCIREQ,
Tempe, AZ). The snapshot perturbation method was used to
determine lung compliance, according to the manufacturer’s
specifications.

CT Scans and Measurements of Lung Volume

Chest CT imaging and measurements of lung volumes were
performed as previously described.10,33,34 Mice anesthetized
with ketamine/xylazine were maintained under anesthesia
using an isoflurane/oxygen mixture to minimize sponta-
neous breaths throughout the procedure. Images were ob-
tained using the Explore Locus Micro-CT Scanner (GE
Healthcare, Waukesha, WI). CT scans were performed at a
resolution of 93 mm. Microview software version 2.2 (http://
microview.sourceforge.net)33 was used to analyze lung
volumes and to render three-dimensional images. Lung
volumes were calculated from renditions collected at full
inspiration.

PMC Culture and Treatment

Permission to collect and use human (H)PMCs was granted
through an exempt protocol approved by the Institutional
Human Subjects Review Board of the University of Texas
Health Science Center at Tyler. HPMCs were isolated from
The American Journal of Pathology - ajp.amjpathol.org
pleural fluids collected from patients with congestive heart
failure or that were pleural effusions after coronary bypass
as previously described.36 These cells were maintained in
LHC-8 culture media (Life Technologies, Carlsbad CA)
containing 3% fetal bovine serum (Life Technologies), 2%
antibiotic-antimycotic (Life Technologies), and GlutaMAX
(Life Technologies) as previously reported.10,35e37 Murine
(M)PMCs were isolated by trypsin wash and cultured.10 All
cells were cultured in a humidified incubator at 37�C in 5%
CO2/95% air. Cells were passaged a maximum of five times
before discontinuing use. Before use in experiments, all
HPMC and MPMC cultures were assayed for expression of
the mesothelial cell marker calretinin as previously re-
ported.38 Only cultures with a greater than 95% calretinin
positivity were used.

Serum-starved PMCs were treated with 5 ng/mL trans-
forming growth factor (TGF)-b (R&D Systems), 20 nmol/L
uPA (Sekisui, Lexington, MA), and 7 nmol/L plasmin
(Molecular Innovations, Southfield, MI). Cell lysates and
conditioned media then underwent Western blot analysis for
a-SMA (MAB1420; R&D Systems), Col-1 (1310-08;
Southern Biotech, Birmingham, AL), plasminogen activator
inhibitor-1 (PAI3C311; Molecular Innovations), total GSK-
3b (12456; Cell Signaling), phosphorylated Tyr-216-GSK-
3b (sc-135653; Santa Cruz Biotechnology, Santa Cruz,
CA), total SMAD2 and phosphorylated SMAD2 (11958S;
Cell Signaling), and b-actin (A1978; Sigma-Aldrich) as
previously described.10,38 For real-time quantitative PCR
(qPCR) analyses, total RNA was isolated from treated cells
and transcribed into cDNA as previously described.33,38

GSK-3a, GSK-3b, Col-1, and a-SMA expressions were
then determined by qPCR (Table 1). Glyceraldehyde-3-
phosphate dehydrogenase was used as the loading control.

siRNA Transfection

HPMCS were transfected with 200 nmol/L control siRNA
(SIC002; Sigma-Aldrich), GSK-3b siRNA (forward: 50-
AAGAAUCGAGAGCUCCAGUAC[dT][dT]-30), or GSK-3a
2463
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siRNA (forward: 50-CACUCUAGGCCAAGGCCCA-[dT]
[dT]-30) using Lipofectamine 3000 (Life Technologies) ac-
cording to the manufacturer’s instructions as previously
described.37,38

Statistical Analysis

All statistics were performed using the U-test or t-test. A
P value < 0.05 was considered significant.

Results

GSK-3b Expression Increases in the Mesothelium of
Patients with Pleuritis

First, it was determined whether GSK-3b increases in
human pleural injury because it was previously shown that
myofibroblasts and collagen deposition increased in lung
tissues from patients diagnosed with pleuritis compared with
normal lung tissue sections.10 PMCs undergoing MesoMT
contributed to the progression of PF in chemical and in-
fectious disease pleural injury in mice.10,33 To assess the
expression of GSK-3b in human PF, GSK-3b was examined
in the pleural mesothelium (calretinin) of normal human
pleural tissues and those of patients with nonspecific
pleuritis. Although GSK-3b was ubiquitously expressed
throughout the normal lung tissue (Figure 1A), GSK-3b
expression was enhanced in the pleural mesothelium of
patients with nonspecific pleuritis compared with that
expressed within the normal pleural mesothelium. Increased
GSK-3b expression colocalized with the increased expres-
sion of the MesoMT marker a-SMA in nonspecific pleuritis
tissues (Figure 1B).

GSK-3b Is Activated in PMCs Undergoing MesoMT

Because GSK-3b nuclear localization and phosphorylation
at Tyr-216 increased its activity, these features were
Figure 1 Glycogen synthase kinase (GSK)-3b expression is enhanced in nonspe
pleuritis were immunofluorescently labeled. A: GSK-3b expression (red) increases i
tissue. GSK-3b and calretinin colocalization increases in nonspecific pleuritis lung s
with nonspecific pleuritis demonstrates increased GSK-3b (green) and a-smooth m
a-SMA colocalization (merged; orange) increases in nonspecific pleuritis lung sect
patients per group. Scale bars Z 50 mm. Original magnification, �40.
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assessed in HPMCs undergoing MesoMT. TGF-b and uPA
treatments, which potently induce MesoMT in
HPMCs,10,14,38 were used to assess changes in the distri-
bution of GSK-3b in stimulated cells. GSK-3b nuclear
localization was determined by immunofluorescence ana-
lyses. GSK-3b expression was primarily cytoplasmic in
phosphate-buffered salineetreated control HPMCS.
Conversely, TGF-be and uPA-treated cells demonstrated
pronounced nuclear localization of GSK-3b (Figure 2A).
These findings demonstrated that these mediators induced
GSK-3b mobilization to the nucleus.
The level of Tyr-216 phosphorylation in transitioning

HPMCs was next determined. As anticipated, TGF-b,
plasmin, and uPA induced a-SMA in HPMCs (Figure 2B).
The same mediators concurrently enhanced Tyr-216
phosphorylation of GSK-3b. TGF-b and plasmin
enhanced Tyr-216 phosphorylation most strongly. Tyr-
216ephosphorylated GSK-3b was detectable in phosphate-
buffered salinedtreated cells. However, the levels were
uniformly below those observed for TGF-b, plasmin, or
uPA. Total GSK-3b was relatively unchanged by TGF-b,
plasmin, or uPA. These studies showed that GSK-3b was
activated, as indicated by Tyr-216 phosphorylation, in
HPMCs undergoing MesoMT.

GSK-3b Is Critical for the Induction of MesoMT

Because GSK-3b activation was enhanced in transitioning
HPMCs, the role of GSK-3b in the induction of
MesoMT was further studied. GSK-3b was significantly
down-regulated by siRNA transfection (>70%; P < 0.05).
TGF-b treatment comparably induced a-SMA and
Col-1 expression in untransfected and control
siRNAetransfected cells (Figure 3A). Conversely, GSK-
3bedown-regulated cells demonstrated no induction of
a-SMA or Col-1 when treated with TGF-b. Further, base-
line a-SMA expression was reduced in GSK-3b down-
regulated cells compared with control cells. In parallel
cific pleuritis. Lung tissue sections from patients diagnosed with nonspecific
n the pleural mesothelial cells (calretinin; green) of the nonspecific pleuritis
ections (merged; yellow). B: The pleural mesothelium of patients diagnosed
uscle actin (a-SMA; red) compared with normal lung sections. GSK-3b and
ions. Arrows indicate the mesothelium. n Z 30 fields per slide; n Z 3 to 4
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Figure 2 Glycogen synthase kinase (GSK)-3b mobilizes to the nucleus
of human primary mesenchymal cells (HPMCs) undergoing mesothelial
mesenchymal transition (MesoMT). Serum-starved HPMCs were treated with
phosphate-buffered saline (PBS), 5 ng/mL transforming growth factor
(TGF)-b, 7 nmol/L plasmin (PLN), or 20 nmol/L urokinase plasminogen
activator (uPA) (for 24 and 48 hours). A: PBS-, TGF-be, and uPA-treated
cells (24 hours) were immunofluorescently labeled for GSK-3b (green)
and nuclei (red). Colocalization of GSK-3b and nuclei appear orange.
Arrows indicate the location of the nucleus. B: PBS-, TGF-be, plasmin-,
and uPA-treated HPMCs were lyzed and resolved by SDS-PAGE. Lysates were
probed for a-smooth muscle actin (a-SMA), total GSK-3b, and Tyr-
216ephosphorylated GSK-3b (pGSKT) by Western blot analysis. Akt was
used as loading control. n Z 30 fields per slide (A); n Z 3 slides per
treatment (A); n Z 2 independent experiments (B).

GSK-3b in Pleural Injury
qPCR analyses, similar results were observed (Figure 3B),
because TGF-b failed to induce a-SMA and Col-1 in
GSK-3bedown-regulated HPMCs. Because GSK-3 has two
isoforms (a and b), the impact of GSK-3a was studied on
the progression of MesoMT. HPMCs with down-regulated
GSK-3a expression (>80%) demonstrated comparable
levels of TGF-bemediated induction of a-SMA and Col-1
compared with untransfected and control siRNAe
transfected cells (Figure 3C). These data showed that the
GSK-3b isoform, rather than GSK3a, was involved in the
induction of MesoMT.
The American Journal of Pathology - ajp.amjpathol.org
Pharmacologic GSK-3b Inhibition Blocks MesoMT

Because GSK-3b down-regulation markedly attenuated the
induction of MT in HPMCs, the effect of GSK-3b inhibition
was studied on the progression of MesoMT. For these
studies GSK-3b was inhibited with the selective inhibitor
9ING41 in varying concentrations (10 to 0.5 mmol/L) before
the addition of TGF-b. Although all doses of 9ING41
attenuated the progression of MesoMT, only the higher
doses of 9ING41 (10 to 1 mmol/L) significantly blocked
TGF-bemediated induction of a-SMA and Col-1
(P < 0.05) (Figure 4A). Further, TGF-bemediated
changes in cell structure were mitigated by GSK-3b inhi-
bition (data not shown). In parallel qPCR studies, TGF-
bemediated induction of Col-1 and a-SMA were likewise
blocked in 9ING41-treated cells (data not shown). Similar
results were observed in HPMCs treated with plasmin
(Figure 4B) and uPA (Figure 4C). An alternative GSK-3b
inhibitor, 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione
(TDZD-8) (Figure 4D), likewise blocked TGF-beinduced
MesoMT. However, only the highest tested dose of TDZD-
8 (20 mmol/L) was clearly effective.

Whether GSK-3b inhibition attenuated established
MesoMT was next determined. Serum-starved HPMCs were
treated with TGF-b for 24 hours before the addition of
9ING41 (10 to 0.5 mmol/L) and incubated for another 24
hours. Unlike the prevention studies described in the pre-
vious paragraph, only HPMCs treated with the highest
concentration of 9ING41 (10 mmol/L) demonstrated less
TGF-bemediated increases in a-SMA (Figure 5A).
Conversely, Col-1 induction was dramatically reduced in
the presence of all doses of the GSK-3b inhibitor. qPCR
analyses, conducted in parallel, showed similar results
(Figure 5B). These studies showed that GSK-3b inhibition
with 9ING41 could block the progression and induction of
MesoMT in stimulated HPMCs in vitro.

9ING41 Reduces GSK-3b (Tyr-216), NF-kB (p65), and
Smad2 Phosphorylation

Because Tyr-216 phosphorylation was increased in tran-
sitioning HPMCs and increased GSK-3b activity, the effect
of 9ING41 was tested on the phosphorylation of GSK-3b.
HPMCs were treated with plasmin or uPA in the presence or
absence of 9ING41 (10 mmol/L) for 15 minutes. 9ING41
reduced baseline Tyr-216 phosphorylation in serum-starved
HPMCs (Figure 6A). Although uPA and plasmin increased
Tyr-216 phosphorylation, 9ING41 treatment blocked this
phosphorylation to levels below baselines observed in un-
treated cells, confirming that 9ING41 reduced GSK-3b
activation in HPMCs.

GSK-3b was reported to modulate the activity of
NF-kB.39e41 Further, it was previously shown that activa-
tion of the NF-kB pathway was critical to progression of
MesoMT.38 To determine the effect of 9ING41 on NF-kB
activation, 9ING41-treated HPMCs were immunoblotted for
2465
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Figure 3 Glycogen synthase kinase (GSK)-3b
down-regulation attenuates the induction of
mesothelial mesenchymal transition (MesoMT).
Untransfected, control siRNA, and GSK-3b siRNAe
transfected cells were serum-starved for 24 hours.
Cells were then treated with phosphate-buffered
saline (PBS) or 5 ng/mL transforming growth
factor (TGF)-b for 48 hours. A: Conditioned media
and cell lysates were resolved by SDS-PAGE and
immunoblotted for collagen (Col)-1, plasminogen
activator inhibitor (PAI)-1, a-smooth muscle actin
(a-SMA), and GSK-3b by Western blot analysis. b-
Actin was used as loading control. B: Total RNA
was isolated from untransfected, control siRNAe,
and GSK-3b siRNAetransfected cells that had been
treated with TGF-b for 24 hours. Changes in a-
SMA, Col-1, and GSK-3b mRNA levels were deter-
mined by real-time quantitative PCR (qPCR) ana-
lyses. GAPDH was used as the reference gene. C:
Total RNA was isolated from untransfected, control
siRNAe and GSK-3a siRNAetransfected cells that
had been treated with TGF-b for 24 hours. Changes
in a-SMA, Col-1, and GSK-3a mRNA levels were
determined by qPCR analyses. GAPDH was used as
the reference gene. Data are expressed as means
� SEM. n Z 3 independent experiments.
*P < 0.05; yP < 0.05 versus PBS control;
zP < 0.05 versus TGF-b controls. Cont, control.

Boren et al
phosphorylated p65, an indicator of NF-kB activity
(Figure 6A). 9ING41 treatment reduced baseline p65
phosphorylation. Plasmin and uPA-mediated induction of
p65 phosphorylation were likewise attenuated by 9ING41.
These data showed that 9ING41 attenuated NF-kB activa-
tion in HPMCs.

Because TGF-bemediated MesoMT was due in part to
Smad phosphorylation,14 the effect of 9ING41 on TGF-
bemediated Smad2 phosphorylation was determined. As
expected, TGF-b robustly induced Smad2 phosphorylation
in HPMCs (Figure 6B). Conversely, 9ING41 treatment
dramatically reduced Smad2 phosphorylation in TGF-
betreated HPMCs (Figure 6B). The GSK-3b inhibitor did
not induce apoptosis (cleaved caspase 3) or demonstrate
other cytopathic effects at the doses used (data not shown).
These findings demonstrated that GSK-3b inhibition by
9ING41 affected multiple signaling pathways in HPMCs
undergoing MesoMT.
2466
9ING41 Attenuates the Progression of Empyema-
Mediated PF

Because GSK-3b inhibition blocked the progression of MT
in HPMCs, the studies were extended to murine MPMCs in
anticipation of in vivo interventions with 9ING41. MPMCs
were treated with TGF-b in the presence and absence of 10
mmol/L 9ING41. Although TGF-b induced a-SMA
expression in MPMCs, 9ING41 treatment effectively
blocked a-SMA induction (Figure 7A). This study showed
that like HPMCs, MPMCs demonstrated similar responses
to GSK-3b inhibition using 9ING41.
The effect of GSK-3b inhibition was next determined on

the progression of pleural injury. For these studies mice
were intrapleurally injected with S. pneumoniae to induce
empyema, whereas control animals received intrapleural
saline. The mice then remained untreated or were treated
with 9ING41 or the vehicle control, dimethyl sulfoxide.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Glycogen synthase kinase (GSK)-3b
inhibition with 9ING41 blocks mesothelial mesen-
chymal transition (MesoMT) induction. AeC:
Human primary mesenchymal cells (HPMCs) were
treated with varying doses of 9ING41 (10 to 0.05
mmol/L) in serum-free media for 24 hours before
the addition of 5 ng/mL transforming growth
factor (TGF)-b (A), 7 nmol/L plasmin (PLN) (B), or
20 nmol/L urokinase plasminogen activator (uPA)
(C). Cells were then allowed to incubate for 48
hours. Conditioned media and lysates were then
resolved by SDS-PAGE and immunoblotted for
collagen (Col)-1 and a-smooth muscle actin (a-
SMA) by Western blot analysis. b-Actin was used as
loading control. D: HPMCs were treated with
varying doses of 4-benzyl-2-methyl-1,2,4-
thiadiazolidine-3,5-dione (TDZD-8; 20 to 1 mmol/L)
in serum-free media for 24 hours before the addi-
tion of 5 ng/mL TGF-b. Conditioned media and
lysates were then resolved by SDS-PAGE and
immunoblotted for Col-1 and a-SMA by Western blot
analysis. Akt was used as loading control. n Z 2 to
3 independent experiments. PBS, phosphate-
buffered saline.

GSK-3b in Pleural Injury
Lung volumes were markedly decreased in untreated and
vehicle-treated mice with empyema compared with saline
controls (Figure 7B). Further, pulmonary function testing
showed untreated and vehicle-treated, injured mice with
empyema demonstrated marked decrements of static lung
compliance compared with saline-treated controls. 9ING41
treatment markedly improved lung volumes and compliance
of S. pneumoniaeeinjured mice compared with untreated
and vehicle-treated controls. Pulmonary function testing and
lung volumes of mice without empyema but treated with
9ING41 were not notably different from uninjured saline
controls (data not shown). GSK-3b inhibition with 9ING41
therefore attenuated restrictive outcomes after empyema-
mediated pleural injury.

9ING41 Treatment Reduces Pleural Thickening and
Myofibroblast Accumulation

Histologic and morphometric analyses were performed on
the lung tissues collected from saline-treated control and
The American Journal of Pathology - ajp.amjpathol.org
S. pneumoniaeeinjured mice that were untreated, treated
with vehicle control, and treated with 9ING41. Trichrome-
stained tissues were used to assess pleural thickness. All
S. pneumoniaeinjured mice demonstrated notable increases
in pleural thickness compared with saline controls
(Figure 7C). Conversely, 9ING41 treatment notably reduced
S. pneumoniaeemediated pleural thickening compared with
untreated and vehicle-treated controls.

It was previously shown that pleural injury was associ-
ated with increasing numbers of myofibroblasts within the
visceral pleural tissues.10,33 Lung tissues from S. pneumo-
niaeeinfected and control mice were next stained for
a-SMA, a myofibroblast biomarker, and calretinin, a
mesothelial cell marker. Lung tissue from saline-treated
mouse controls had no calretinin-positive cells exhibiting
strong staining for a-SMA within the pleural or subpleural
regions. Although strong a-SMA expression was detected in
the pleura, cells expressing calretinin, of mice with
S. pneumoniaeeinduced empyema, 9ING41-treated mice
demonstrated reduced a-SMA expression (Figure 7D).
2467
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Figure 5 The glycogen synthase kinase (GSK)-3b
inhibitor 9ING41 reverses established mesothelial
mesenchymal transition (MesoMT). Serum-starved
human primary mesenchymal cells (HPMCs) were
treated with 5 ng/mL transforming growth factor
(TGF)-b for 24 hours. A: Varying doses of 9ING41 (10
to 0.5 mmol/L) were then added to the TGF-be
treated cells and allowed to incubate for 48 hours.
Conditioned media and lysates were resolved by SDS-
PAGE and immunoblotted for collagen (Col)-1 and
a-smooth muscle actin (a-SMA). b-Actin was used as
loading control. B: For real-time quantitative PCR
(qPCR) analyses varying doses of 9ING41 (10 to 0.5
mg/mL) were added to TGF-betreated cells and then
allowed to incubate for 24 hours. Total RNA was then
isolated and transcribed into cDNA. a-SMA and Col-1
expression was determined by qPCR analyses. GAPDH
served as the reference gene. Data are expressed as
means � SEM. n Z 2 to 3 independent experiments
(A); n Z 3 independent experiments (B). *P < 0.05
versus TGF-b treatment. PBS, phosphate-buffered
saline.

Boren et al
These data suggested that GSK-3b inhibition by 9ING41
reduced myofibroblast accumulation and pleural thickening
in vivo.

To confirm the effect of 9ING41 on GSK-3b activation,
lung tissues were probed for GSK-3b Tyr-216 phosphory-
lation (Figure 7E). Tyr-216 phosphorylation was readily
detectable in the pleural mesothelium of S. pneumoniaee
injured mice. Conversely, 9ING41-treated mice demon-
strated less activated mesothelial GSK-3b than all other S.
pneumoniaeeinjured groups. These data indicated that
9ING41 effectively inhibited GSK-3b activation in our
empyema model.
2468
Discussion

In this study two different yet intricately linked objectives
were accomplished. First, it was shown that our previously
published mouse model of S. pneumoniaeemediated empy-
ema33 is amenable to the testing of novel interventions
designed to improve outcomes of organizing, infectious
pleural injury. This model uses S. pneumoniae, a clinically
relevant organism, to induce empyema and subsequently PF.
Second, a previously unrecognized, targetable participant in
the progression of pleural injury, GSK-3b, was identified.
Although GSK-3b has been shown to be important in the
Figure 6 Glycogen synthase kinase (GSK)-3b
inhibition by 9ING41 reduces Tyr-216 phosphory-
lation of GSK-3b and phosphorylation of NF-kB
and Smad2. A: Serum-starved human primary
mesenchymal cells (HPMCs) were treated with
phosphate-buffered saline (PBS), 7 nmol/L
plasmin (PLN), and 20 nmol/L urokinase plasmin-
ogen activator (uPA) in the presence or absence of
10 mmol/L 9ING41. Cell lysates were then resolved
by SDS-PAGE and immunoblotted for Tyr-216
phosphorylated GSK-3b (p-GSKT), total GSK-3b,
and phosphorylated p65 (p-p65). b-Actin was used
as loading control. B: Serum-starved HPMCs were
treated with PBS and 5 ng/mL transforming growth
factor (TGF)-b in the presence and absence of
9ING41 (10 to 1 mmol/L) for 48 hours. Conditioned
media and cell lysates were then resolved by SDS-
PAGE and immunoblotted for collagen (Col)-1,
phosphorylated Smad2 (p-Smad2), total Smad2,
and a-smooth muscle actin (a-SMA). b-Actin was
used as loading control. n Z 2 independent
experiments.
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Figure 7 Streptococcus pneumoniaeemediated pleural injury is attenuated by treatment with 9ING41 A: Serum-starved murine primary mesenchymal cells
(MPMCs) were treated with 5 ng/mL transforming growth factor (TGF)-b in the presence or absence of 10 mmol/L 9ING41. Cell lysates were then resolved by
SDS-PAGE and immunoblotted for a-smooth muscle actin (a-SMA). Akt was used as loading control. B: C57Bl/6J mice were intrapleurally injected with saline
or S. pneumoniae (1.8 � 108 cfu). After 24 hours, mice were either left untreated or treated with dimethyl sulfoxide (vehicle) or 30 mg/kg 9ING41 for 6 days.
At the completion of the 7-day course, lung compliance was determined using the Scireq flexivent. Lung renditions were then collected by computed
tomographic scan to determine lung volumes. C: Lung tissue sections from vehicle- and 9ING41-treated mice were Trichrome stained and images were taken.
Pleural thicknesses were then measured and compared. Arrows indicate the mesothelium. D and E: Pleural sections from vehicle- and 9ING41-treated mice
were immunostained for the mesothelial cell marker calretinin (green) and a-SMA (red; D) or Tyr-216ephosphorylated glycogen synthase kinase (GSK)-3b (Tyr-
216-P) (E) and imaged by confocal microscopy. Arrows indicate the mesothelium. Colocalization of a-SMA and calretinin is orange. Data are expressed as
means � SEM. nZ 2 (A); nZ 6 to 10 mice per treatment (B); nZ 30 fields per slide per mouse (C); nZ 6 to 10 animals per treatment (C); nZ 30 fields per
mouse (D and E); nZ 3 mice per treatment (D and E). *P < 0.05 versus saline; yP < 0.05 versus no treatment; zP < 0.05 versus vehicle. Scale barZ 50 mm (C).
Original magnification: �20 (C); �40 (D and E). Trx, treatment.

GSK-3b in Pleural Injury
treatment of some cancers and the progression of fibrosis in
other organs, its role in the pathogenesis of pleural injury has
remained unclear until the present time. In peritoneal
mesothelial cells, activation of GSK-3b protects against
MesoMT42e44 or promotes cell death,45 which is counter to
our findings in this study. We posit that the disparate re-
sponses relate to the different origins of the cells, the ante-
cedent environment in which the cells existed in vivo, or
The American Journal of Pathology - ajp.amjpathol.org
other factors related to their collection and maintenance. Our
data clearly show that inhibition of GSK-3b improves
physiological outcomes in the pleural compartment of mice
with infectious pleural injury and that the effects are associ-
ated with inhibition of MesoMT and deposition of neomatrix.
To our knowledge, this represents the first evidence along
these lines and suggests that this approach merits further
consideration for further translational investigation.
2469
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GSK-3b expression was first shown to be enhanced in the
pleural tissues of patients diagnosed with PF. Further,
increased GSK-3b expression correlated with increased a-
SMA expression in the pleura of nonspecific pleuritis tis-
sues. Although the specific cause(s) of the PF cases
observed were not available, GSK-3b expression was
consistently up-regulated in the pleural tissues of patients
with a clinical diagnosis of nonspecific pleuritis compared
with normal lung tissues. GSK-3b activity was measured in
primary HPMCs. Although GSK-3b is a constitutively
active kinase, its activity can be increased by localization to
the nucleus and phosphorylation of Tyr-216.21,23 Phos-
phorylation of the Ser-9 residue of GSK-3b is reported to
inhibit its activity.16,18,19 However, phosphorylated Ser-9
acts as a competitive inhibitor for the kinase active site
and does not affect the intrinsic activity of the enzyme.
Consequently, increased levels of primed substrate can
overcome this inhibition.20 Further, Ser-9 phosphorylation
has no effect on GSK-3b0s phosphorylation of unprimed
substrates. These observations suggest that Tyr-216 phos-
phorylation may be a more accurate measure of GSK-3b
activity. Plasmin and uPA, which induce and are otherwise
locally expressed in pleural injuries involving MesoMT,10,33

mobilize GSK-3b to the nucleus and increase phosphory-
lation of Tyr-216. In addition, 9ING41 reduced NF-kB
activation and Smad2 phosphorylation, suggesting that
GSK-3b inhibition attenuates the progression of MesoMT
by modulating these cell signaling pathways.

To determine the specific contribution of GSK-3b to the
progression of MesoMT, GSK-3a and 3b were down-
regulated with siRNA. Although GSK-3b down-regulation
markedly blocked the induction of MesoMT markers, GSK-
3a down-regulation had no effect on their expression by
HPMCs. These studies demonstrate the specific role of
GSK-3b isoform in the progression of MesoMT. These
findings were confirmed with two relatively specific GSK-
3b inhibitors 9ING41 and TDZD-8. 9ING41 was reported
to inhibit GSK-3b activity through increased Ser-9 phos-
phorylation, similar to TDZD-8.32 However, our studies
show that 9ING41 strongly reduced Tyr-216 phosphoryla-
tion. Further, 9ING41 effectively blocks MesoMT at lower
concentrations than TDZD-8, suggesting the possibility that
9ING41 might be less prone to off-target effects and might
be better tolerated. This difference is most likely a conse-
quence of the increased efficacy of 9ING41 compared with
alternative GSK-3b inhibitors.32 Further, 9ING41 treatment
reduced p65 phosphorylation in plasmin- and uPA-treated
HPMCs, indicative of decreased NF-kB activation. The
findings suggest that the inhibitor mechanisms of TDZD-8
and 9ING41 may be distinctly different and suggest po-
tential advantages for the use of 9ING41 to block GSK-3b
in vivo.

Before in vivo studies, it was confirmed that 9ING41
could reverse establish MesoMT. MesoMT biomarkers can
be detected 24 hours after treatment with TGF-b.10,38

9ING41 treatment reduced these biomarkers. Although
2470
Western blot analysis showed only the highest dose of
9ING41 affected a-SMA induction, qPCR analyses showed
notable and consistent effects with lower 9ING41 doses. We
posit that changes in RNA are more dynamic than changes
in protein. These findings provided the rationale to conduct
in vivo studies.
For in vivo analyses, a 9ING41 dose of 30 mg/kg was

administered daily by intraperitoneal injection. Although
higher doses have been reported in cancer studies and were
well tolerated,32 this dose was chosen based on published
lowest effective doses32 and personal communications with
the manufacturer. 9ING41-treated mice tolerated these daily
injections and demonstrated no adverse effects with respect
to behavior, eating, drinking, or mobility. No notable dif-
ferences in pulmonary functions and lung volumes were
observed between the untreated and vehicle-treated S.
pneumoniaeinjured groups. Our findings also show that
dimethyl sulfoxide treatment did not worsen injury pro-
gression during the period of its delivery or by the devel-
opment of subclinical lung or pleural injury. However, the
lung volumes and pulmonary functions of the 9ING41-
treated mice were markedly improved compared with the
other S. pneumoniaeinjured groups. Pleural thickening and
a-SMA expression in the pleural mesothelium were like-
wise reduced by GSK-3b inhibition, indicating that the
improvements in imaging and physiological improvements
were accompanied by the amelioration of MesoMT and
reduction of the pleural rind and PF in the visceral pleural
tissues of mice with S. pneumoniaeinduced empyema.
The effects of the administration of 9ING41 were also

clearly associated with evidence that administration of the
inhibitor locally blocked activation of GSK-3b in the
mesothelium of mice with underlying empyema. Although
Tyr-216 phosphorylation was strong within the visceral
pleural mesothelium of S. pneumoniaeeinjured mice, this
effect was reduced in 9ING41-treated mice compared with
all other S. pneumoniaeeinjured groups. These observations
show that the intrapleural 9ING41 doses administered
effectively inhibited GSK-3b activation in the empyema
model. GSK-3b inhibition improved lung function and PF
induced by empyema in the model likely by reducing
MesoMT with consequent reduction of pleural thickening.
Although encouraging, the clinical applicability of these
findings remains to be determined through toxicology ana-
lyses, dosing, and formulation optimization as well as
additional pharmacokinetic and pharmacodynamic assess-
ments that are beyond the scope of the present study.
Conclusions

This report provides evidence for the critical role that GSK-
3b plays in the progression of MesoMT, pleural rind for-
mation, and restrictive consequences of excessive pleural
organization that occurs with S. pneumoniaeeinduced em-
pyema in mice. Components of the fibrinolytic pathway,
ajp.amjpathol.org - The American Journal of Pathology
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including plasmin and uPA, are expressed in the setting of
pleural inflammation and repair and may predispose to the
development of PF by activation of GSK-3b and MesoMT.
TGF-b is likewise locally expressed and implicated in the
pathogenesis of MesoMT,10e12 pleural rind formation, and
PF, and it is now demonstrated that it too can activate GSK-
3b during induction of MesoMT in PMCs. It is highly likely
that diverse alternative factors that drive MT in other cell
types10,13,29,33,38 may likewise activate GSK-3b in vivo and
thereby promote PF. Although down-regulation or inhibi-
tion of GSK-3b can attenuate the induction of MesoMT
in vitro, our findings show that pharmacologic blockade of
GSK-3b in vivo is feasible, well tolerated, and salutary.
Therapeutic targeting of GSK-3b activity improved lung
function and mitigated pleural rind formation in our em-
pyema model. Our findings provide a strong rationale for
the continued investigation of GSK-3b as a candidate target
for organizing pleural injury/PF.
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