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Figure 3. Noninvasive radiological
lung monitoring. A, representative
VCT imaging of mouse lungs at
week 20 after radiation to the
thorax. Lung fibrosis is
characterized by diffuse bilateral
areas of "ground-glass"
attenuation and intralobular
reticular opacities (only RT).
LY2109761 attenuates this
radiological character (LY, RT; RT,
LY; image for LY, RT, LY similar).
Imaging of untreated control (no
RT) and LY only is similar. B,
quantitative lung density (modified
Hounsfield) values derived from
VCT scans at week 20 showing that
LY2109761 reduces lung density
which is enhanced after radiation.
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2 weeks. Eight ROls were randomly
selected in the lungs, and the lung
density was determined for each
ROI. Bars are mean + SD. (*, P <
0.05 vs. only RT). C, representative
MRIs (Flash 3D, SE-T1 and TSE-T2
sequences) of mouse lungs at
week 20 after radiation. Normal
MRI morphology in control- and
LY2109761-treated animals (*).
Characteristic diffuse hyperintense
signals in Flash, T1-, and T2-
weighed images (**, lung fibrosis)
after radiation and one example of
pulmonary edema (***) in T2 visible
as vast hyperintensity. The MRI
signs for RILI and RILF were
reduced in LY2109761-treated
groups. Imaging of untreated
control (no RT) and LY only is
similar, andimaging of LY, RT, LY is
similar to LY, RT and RT, LY.
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Intra-alveolar edema did not occur whereas some animals
had formation of fibrillar or crystalline protein deposits
within alveolar spaces.

LY2109761 also modulated radiation-induced infiltra-
tion of the lung tissue with inflammatory cells: two days
after radiation predominantly leukocytes with some lym-
phocytes were present in the perivascular space and in
alveolar septae, which subsided after 2 weeks (Fig. 4F).
Interestingly, the second inflammation at weeks 16 to 20
with 4 times more leukocytes than in the acute inflamma-
tory phase was associated with septal fibrosis development

(Fig. 4G). Similarly, alveolar histiocytosis determined by
the number of macrophages increased after week 16 in
irradiated mice. LY2109761 strongly reduced the number
of inflammatory cells in the acute phase around day 2 after
radiation and during the later fibrogenesis-associated
inflammation after week 16. Immunohistochemical assess-
ment of canonical TGF-f signaling in the lungs showed that
radiation increased SMAD2 phosphorylation in the nuclei
of bronchial cells, the bronchiolar epithelium, and in
macrophages (Fig. 4D and E). LY2109761 reduced the
amount of p-SMAD2 in bronchiolar and alveolar
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epithelium and reduced the intensity of the nuclear immu-
nopositivity of alveolar macrophages.

LY2109761 reverses radiation-induced proangiogenic
and proinflammatory signaling

Transcriptomic evaluation in fibroblasts showed that
radiation alone regulated 190 genes, LY2109761 491 genes,
and the combination LY2109761 + radiation regulated 484
genes by more than 2-fold (Fig. 5). Biologic function
assignment using "gene ontology" terms (GO terms, Sup-
plementary Table S1) showed that within the GO term
"TGF-B/BMP signaling," radiation increased TGF-31 expres-
sion which was decreased by LY2109761. Likewise, radia-
tion increased Gremlin (Grem2), ID1, Smad 6, 7, and 9
expressions, whereas LY2109761 markedly decreased their
expression even in the presence of radiation. Moreover,
LY2109761 also decreased expression of Fos, KLF10,
MDM?2, GDF15, and FAS, alone and in combination with
radiation. Furthermore, LY2109761 reduced the expression
of mitogen-activated protein kinase (MAPK)3 and 13 which
are also associated with fibrosis development.

In contrast, LY2109761 induced BMP2 and members of
the TNF receptor superfamily 11B, 19, and tissue factor F3,
which were hardly affected by radiation.

Importantly, LY2109761 also downregulated other genes
involved in inflammation signaling including IL-6, IL-7R,
and IL-8, whereas some of these genes were upregulated
after radiation (Table 1). Interestingly, with respect to
angiogenesis as an important part of wound healing and
thus fibrosis formation, LY2109761 also reduced the
expression of proangiogenic genes such as ID1, ID2, and
ID3 compared with radiation treatment. Together, expres-
sion analysis showed that LY2109761 attenuated down-
stream signals from TGF-B and BMP and reversed proin-
flammatory and proangiogenic signals which were partially
upregulated by radiation (Fig. 5C).

Protein analysis

Protein analysis showed that TGF-1 treatment strongly
induced phosphorylation of SMAD?2 after 15 minutes last-
ing up to 48 hours without marked effects on SMAD?2 levels
in fibroblasts (Fig. 5D). Neither radiation nor LY2109761
had marked effects on SMAD2 or p-SMAD2 expression.
Interestingly, phosphorylation of Smadl was slightly
enhanced up to 2 hours after radiation, which was markedly
attenuated by LY2109761. Smad1 was hardly affected by
either radiation or LY2109761. Two proteins involved in
noncanonical TGF-B signaling, p38 and JNK, were also
phosphorylated after radiation and showed a further phos-
phorylation increase after the addition of LY2109761 up to
6 hours. SMA protein levels as a myofibroblast and pericyte
marker involved in vessel stabilization exhibited a moderate
but constant increase from 15 minutes to 48 hours after
radiation which was slightly reduced by LY2109761.

Discussion

Our study indicates that oral administration of the
small-molecule TGF-BR inhibitor LY2109761 for 4 weeks

could significantly reduce the formation of acute and
subacute RILI and RILF in C57Bl/6 mice. Furthermore,
our findings suggest that mouse survival, which is
markedly reduced after radiation, can be prolonged by
LY2109761. These beneficial effects were especially pres-
ent if the TGF-B blockade started after radiation. Likewise,
the compromised general clinical status after radiation
such as tachypnea and increased heart rate was improved
by LY2109761. In summary, these data suggest that small-
molecule TGF-BR kinase inhibitors may serve as a relevant
supplemental therapy or alternative to corticosteroids for
RILI treatment.

After radiation, we monitored the mice lungs by nonin-
vasive radiological methods allowing for morphologic and
quantitative longitudinal studies over the entire observa-
tion period of more than 6 months. The novel computed
tomography method for animal imaging, VCT, and MRI
scans concordantly revealed significantly increased lung
density values in irradiated mice as radiological correlates
for pulmonary fibrosis. In the areas of condensed lung
parenchyma, reticular alterations and septal thickening
were present as morphologic signs of progressive fibrotic
reformation of lung tissue. Importantly, the radiological
signs and density values were markedly reduced in mice
treated with LY2109761. In accordance with the radio-
logical findings, the histologic assessment showed that
LY2109761 reduced the pathologic infiltration with inflam-
matory cells, the formation of fibroblast foci, and the
deposition of extracellular matrix leading to septal thick-
ening with subsequent impaired lung function.

The measurable antifibrotic effects determined by radio-
logical and histologic means were present and similar
irrespective of the LY2109761 administration start before,
during, or after the radiation. However, the clinical and life
span benefits as an integral measure of several, including
unknown factors tended to be pronounced if LY2109761
started after the radiation. This suggests that LY2109761
targets especially processes related to later phases of radi-
ation induced toxicity, although one cannot exclude par-
tially negative combinatorial effects if the drug is given
concurrently with radiation. One reason why the available
data do not give us a definitive answer is that there was no LY
group starting shortly before radiation whose administra-
tion interval would mostly overlap with the group (RT, LY)
with an early treatment start after radiation. With respect to
interactions of TGF-f inhibition and radiation, Kirshner
and colleagues (22) had found in human mammary epi-
thelial cells that a TGF-B-R1 inhibitor reduced the induction
of radiation-induced YH2AX foci, but otherwise increased
radiosensitivity. This result had prompted these authors to
suggest that TGF-f inhibition in combination with radio-
therapy might be a strategy as cancer therapeutic. While we
agree for the cancer case as shown in a report in glioblas-
toma (23), the report by Kirshner and colleagues may also
suggest that there are toxic effects in normal cells if radiation
and TGF-B inhibition is given simultaneously. Such effects
may be present in lung epithelium/endothelium and might
be onereason why giving the drug after the radiation event is
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Figure 4. Lung histology. Representative examples of histology of mouse lungs treated with 20 Gy + LY2109761 at day 2, weeks 6, 16, 20 after the irradiation.
Radiation-induced increasing wall thickening and collagen deposition along with alterations in the epithelium of bronchi and bronchioles, and in some cases
edema; all were attenuated by LY2109761. Untreated control (no RT) and LY only is similar and LY, RT, LY is similarto LY, RT and RT, LY. A, Goldner—Elastica.
B, H&E. C, Sirius Red. D, representative examples of immunohistochemistry of lung tissue at week 20 after radiation. Phospho-smad2 nuclear
immunopositivity is displayed. E, the amount of nuclear immunopositivity in the alveolar septae and the intensity of the nuclear immunopositivity of alveolar

macrophages were scored on a rank scale base (0, 1, 2, 3, 4). Bars are median (*, P < 0.05 vs. radiation, RT).

beneficial to induce the beneficial effects of TGF-f inhibi-
tion on normal cells. Aside from this issue, it is possible that
the TGF-B signaling relevant events or the fibrogenesis
relevant events occur later after radiation, which may sug-
gest that a later intervention is simply preferable with
respect to a better antifibrotic effect.
Immunohistochemistry and expression profiling further
revealed effects of LY2109761 on TGF-f signaling, inflam-
mation, and angiogenesis. Like other cytokines, including
platelet-derived growth factor (PDGF), TNF-0, and IL-1,
TGF-B is upregulated by radiation (24). An involvement

of TGF-B in fibrogenesis has been shown for several
tissues, and TGF-f induced by radiation has been reported
as part of radiation-induced fibrosis (1-3, 6, 12).

Accordingly, our gene expression analysis showed radi-
ation-induced activation of genes involved in DNA damage
response, cell-cycle arrest, induction of apoptosis, inflam-
mation, and angiogenesis. While gene expression associated
with DNA damage response, cell-cycle arrest, induction of
apoptosis were almost unchanged, LY2109761 induced
marked changes in BMP and TGF-B signaling cascades,
which were hardly affected by radiation.

Clin Cancer Res; 18(13) July 1, 2012

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on October 20, 2019. © 2012 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst April 30, 2012; DOI: 10.1158/1078-0432.CCR-11-2855

TGF-B Inhibition Attenuates Radiation-Induced Lung Fibrosis

-

-

n

o
]

100
80
60
40 -

Figure 4. (Continued) F,

inflammatory cells. Leukocytes in
mouse lung tissue as a correlate of

Inflammatory cells per field of view

Time course of inflammatory cells

| allamile o

*

CAEEAE

inflammation at 2 days and 20 weeks
after the thoracic radiation. Bars are
mean + SD [*, P < 0.05 vs. radiation
(only RT)]. G, septal thickness in G
mouse lung tissue at 2 days and 20
weeks after the thoracic radiation

quantified as described in Methods.
Bars are mean 4 SD [*, P < 0.05 vs. 354
radiation (only RT)] 30

40—

25+

20

Septal thickness (um)

NoRT OnlyRT OnlyLY LY,RT RT,LY LY,RT,LY

Development of septal fibrosis

{ DIFIFaEEE , B

T T T
NoRT OnlyRT OnlyLY LY,RT RT,LY LY,RT,LY

Wk 20

* * *

(il

NoRT OnlyRT OnlyLY LY,RT RT,LY LY,RT,LY NoRT OnlyRT OnlyLY LY,RT RT,LY LY,RT,LY

Wk 20

Moreover, LY2109761 reduced the expression of genes
associated with inflammation like IL-6, IL-8, IL-7R, and Fos,
whereas radiation increased their expression. This is con-
sistent with other inflammation models showing increased
IL-6, IL-8, and TGF-B levels (25, 26).

Because scar formation and formation of fibrosis are
dependent on blood supply and neoangiogenesis, inhibi-
tion of angiogenesis might add to the antifibrotic effects of
LY2109761 in vivo. Accordingly, we found that LY2109761
strongly reduced the expression of proangiogenic genes
such as ID1, ID2, and ID3.

A balanced TGF-f§ and BMP signaling is important for
stereoblastic differentiation. BMP7 antagonizes TGF-
B-dependent renal fibrogenesis (13), and TGF-B/activin
but neither BMP7 nor BMP type I can induce epithelial-
mesenchymal transition (EMT; ref. 27). Furthermore, the
BMP2, -4, and -7 antagonist Gremlin is highly upregulated
in human IPF and asbestos-induced mouse fibrosis (28).
Our data suggest that LY2109761 attenuates profibrotic
signaling directly, but also balances the complex TGF-
B/BMP signaling: LY2109761 dramatically reduced radia-
tion-induced upregulation of Gremlin (Grem2) and also
upregulated BMP2 expression. Moreover, LY2109761
reduced radiation-induced downstream signaling genes of
TGF-B including Smads 6, 7, and 9 but also MDM2 in

accordance with lung histology showing reduced p-Smad2,
with increased p-Smad2 levels being associated with lung
fibrosis (29). While radiation slightly increased and
LY2109761 clearly decreased Smadl phosphorylation,
Smad2 or Smad3 phosphorylation was hardly affected in
fibroblasts. Despite elevated TGF-B1 transcription upon
irradiation activation of TGF-f protein was apparently
insufficient to induce the canonical Smad2/Smad3 pathway
in this setting.

Interestingly, LY2109761 strongly decreased Smadl
phosphorylation despite a strong increase of BMP2 tran-
scripts. Smad1 is an important part of the noncanonical
TGF- pathway and phosphorylation target of ALK1/2/3
and 6 receptors specifically activated by BMPs (15, 30).
Therefore, our data suggest that LY2109761 is also a potent
inhibitor of BMP receptor signaling. This notion is strength-
ened by the finding, that ID1 expression, which can be
induced by BMP via Smadl phosphorylation (31), was
repressed by LY2109761. We also detected increased phos-
phorylation of JNK and p38 after LY2109761 treatment.
BMP2 and TGF- had been shown to induce p38 and JNK
phosphorylation independent of Smad pathways, although
downstream cellular responses can be mediated by inter-
actions with Smad pathways (32, 33). The observation that
downstream of the SMAD inhibition other kinases may be
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altered in the phosphorylation profile has been also
reported for LY2109761 in HCC lines, primarily for the
AKT/mTOR pathway (34). Furthermore, it is possible that
the increased BMP2 mRNA expression and JNK/p38 phos-

phorylation after LY2109761 treatment represent an escape
mechanism once the TGF-B receptor signaling is inacti-
vated. This result further supports the understanding of the
beneficial effects of LY2109761 on radiation toxicity,
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Table 1. Fold mRNA regulation of selected

genes after LY treatment in human fibroblasts
Fold regulation

Gene name by LY

ID1 0.28

D2 0.29

IL-6 0.78

IL-7R 0.54

IL-8 0.41

BMP2 2.62

TGF-p1 0.84

Grem2 0.39

TNFRSF11B 2.05

TNFRSF19 2.93

TFF1 3.19

SMAD6 0.33

SMAD7 0.18

SMAD9 0.48

Fos 0.52

KLF10 0.6

MDM2 1.39

GDF15 0.7

because the downregulated MAPKs downstream from BMPs
have been proposed as therapeutical targets in chronic
obstructive pulmonary disease (35). Together, these data
may suggest that LY2109761 has also antifibrotic effects via
inhibition of BMP signaling.

Alternatively or in addition, pulmonary stem cells
(36) may be involved in fibrogenesis. Because TGF-f31
signaling has been associated with differentiation of
stem cells in other disease models such as GBM (37),
the stem cell hypothesis may be of relevance in our
fibrosis model.

It is conceivable that the reduction of pulmonary fibro-
sis by LY2109761 is due to a combination of several
mechanisms: one mechanism is the direct inhibition of
Smad-dependent and Smad-independent pathways in the
TGF- and BMP family signaling. Other explanations for
the antifibrotic effects of LY2109761 include indirect
effects on the microenvironment such as anti-inflamma-
tory and antiangiogenic effects. These latter findings are
also in agreement with a recent report on the antiangio-
genic effects of LY2109761 via ID1 suppression in a
glioblastoma model in mice (37). Moreover, our results
are in agreement with our own recent data showing that
LY2109761 may be effective as anticancer compound
via potentiation of radiation response in glioblastoma
by coordinately targeting cancer stem-like cells while
blocking DNA damage repair, invasion, mesenchymal
transition, and tumor angiogenesis (38). Interestingly,
together these data suggest that the same compound is
effective as anticancer therapeutic and as anti-inflamma-
tion/antifibrosis therapeutic which links fibrosis and can-
cer. Noteworthy, the signaling events apparently associ-

ated with the respective beneficial therapeutic events
appear to be strikingly similar thus linking fibrosis and
cancer therapy.

Physiologic processes are in general balanced and finely
tuned by positive and negative regulatory mechanisms (39).
A prototypical process is the angiogenic switch in tumors
which is regulated by a multitude of signaling circuitries
(40). Fibrosis as result of an exaggerated wound-healing
reaction may similarly reflect an imbalance of a homeostatic
system composed of such elements (41-43). LY2109761
appears to shift the genetic balance using several circuitries
resulting in an antifibrotic phenotype with reduced RILI
and RILF.

Inhibitors of PDGF, VEGF, and fibroblast growth factor
(FGF) have been shown to attenuate lung fibrosis in bleo-
mycin models (44, 45), and TGF-$ antibodies as well as a
different small-molecule TGF-f kinase inhibitor were stud-
ied in aradiation-induced lung prevention fibrosis model in
rats (46-48). Similarly, simvastatin has recently been
shown to attenuate acute RILI without affecting later fibrosis
or mouse survival (48). Our report here shows for the first
time beneficial effects of a TGF-8 kinase inhibitor on sur-
vival in a mouse model of fibrosis along with quantitative
VCT and MRI in vivo lung monitoring.

In summary, the inhibition of TGF-P signaling seems a
promising strategy to attenuate RILI and RILF. An inter-
esting finding was that the overall radioprotection was
actually better if the drug was given after radiation expo-
sure. This has potentially important implications in the
clinic, as well as in the setting of accidental or terrorist-
related exposures. One clinical relevance arises from the
large number of patients undergoing radiotherapy of
non-small cell lung cancer (NSCLC; ref. 49). In such
patients an oral therapeutic poses an attractive combina-
tion treatment option. Next experimental steps to bring
the principle of TGF-B inhibition into the clinic may
include investigations on optimizing the time interval
between drug treatment and irradiation as well as the
conduction of phase I trials in patients who are candi-
dates for single high-dose radiotherapy for therapy of
lung tumors. It might also be interesting to investigate
if fibrosis in other organs or of different origin can be
attenuated by such drugs.
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