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Abstract

Without question, the greatest and most humbling honor of my
scientific career was to learn that I was nominated for the
American Thoracic Society Recognition Award for Scientific
Accomplishments. On the occasion of this award, as I look back on the
progress made in the last 15 years, I am pleased by the scientific
insights; however, I am also saddened that we still have no
internationally recognized efficacious therapy. This perspective will
highlight the areas my laboratory has addressed regarding the

CCR2-Binding Chemokines
and Lung Fibrosis: More Than
Just Migration

In 1997, chemokine biology was a rapidly
expanding field (1). Data were
accumulating to show that various
chemokines were elevated in lungs of
patients with idiopathic pulmonary fibrosis
(IPF), suggesting that cellular recruitment
might contribute to the disease (for review,
see Reference 2). However, patients with
IPF had little evidence of inflammation in
the lungs, and anti-inflammatory therapies
had little effect (3). Thus, investigators
began looking for alternative chemokine
functions (for example, CXC chemokines
were shown to be angiogenic; for review, see
Reference 4). Working with the bleomycin
and the FITC animal models of lung
fibrosis, we observed that CCL2 was
elevated in response to fibrogenic injury
(5-7). Patients with interstitial lung disease
also have elevated CCL2 in bronchoalveolar

pathogenesis of idiopathic pulmonary fibrosis in hopes of identifying
new therapeutic targets.

Clinical Relevance

This review offers a perspective covering fibrosis research in the
last 15 years, highlighting in particular the role of chemokines,
eicosanoids, viral infections, and matricellular proteins.

lavage fluid (BALF) (8-10), and high levels
of CCL2 correlate with nonsurvival (11).
Fibrotic fibroblasts overexpress CCL2
(12-14) and respond to CCR2 stimulation
by increasing sensitivity to transforming
growth factor (TGF)-B and by limiting
apoptosis (15), observations that help
explain aberrant accumulation of activated
fibroblasts in IPF.

We were the first to report that
CCR2—/— mice were protected from
experimental lung fibrosis (7), an
observation that was later confirmed (14,
16, 17). However, CCR2—/— mice did not
show significant inhibition in early
inflammatory cell recruitment. We later
realized that CCR2 was important for
recruiting a minor population of cells called
“fibrocytes” (5, 6, 18-21). Fibrocytes,
classified by dual expression of leukocyte
CD45 and mesenchymal collagen 1,
comprise a small fraction of peripheral
blood cells yet are rapidly recruited to
injured lungs (19). The first observations

regarding fibrocytes in IPF (22) were
followed by studies identifying CXCR4 and
CCR?7 as important receptors mediating
their migration (21). Patients with IPF have
elevated numbers of fibrocytes in
circulation, and increased percentages of
fibrocytes predict early mortality (23). Our
studies demonstrated that CCL12 recruited
fibrocytes in mice via CCR2 (6) and that
CCR2 stimulation of fibrocytes increased
expression of collagen 1 (5); these findings
were confirmed in human studies (24).
Taken together, our data show that CCR2-
binding chemokines recruit a novel
profibrotic cell type and play important
roles in cellular activation and
differentiation.

Another theory of IPF pathogenesis
suggested that fibrosis was regulated by
aberrant epithelial cell-fibroblast
interactions (3). Our results demonstrated
that CCR2—/—, but not CCR2+/+, alveolar
epithelial cells (AECs) were capable of
limiting fibroproliferation in coculture (25).
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The addition of CCL2 to the CCR2+/+
AECs prevented synthesis of prostaglandin
(PG)E, (25) and triggered our interest in
this antifibrotic mediator.

PGE.: A Critical Inhibitor of
Myofibroblast Differentiation
and Function

PGE, is synthesized via cyclooxygenase
(COX)-mediated metabolism of
arachidonic acid. IPF BALF is PGE,
deficient (26), and IPF fibroblasts are COX-
2 deficient, inhibiting their production of
PGE, (27, 28). This leads to fibroblast
activation because PGE, normally limits
TGF-B-induced myofibroblast
differentiation (29, 30). Similarly, COX-
2—-deficient AECs are impaired in their
ability to limit fibroblast proliferation (31).
Loss of PGE, synthesis worsens fibrosis, as
demonstrated by the fact that mice treated
with indomethacin have worsened fibrotic
outcomes (32); these results are similar to
mice genetically deficient in COX-2 (33).
Looking forward, therapeutic approaches
have shown that early administration of
PGE, protects from experimental fibrosis
(34, 35). New understandings highlight
how PGE, loss and myofibroblast
accumulation occur in IPF. Normally, PGE,
signaling can induce fibroblast apoptosis
(36), but when fibroblasts encounter
stiffened extracellular matrix, their ability to
generate antifibrotic PGE, is suppressed
(37, 38). This causes up-regulation of
prosurvival molecules (39, 40), leading to
proliferation, contraction, and impaired
fibroblast apoptosis (36-40).

Our work demonstrated that the
antifibrotic effects of plasminogen activation
were linked to plasmin activation of
hepatocyte growth factor, causing induction
of PGE, (41). This antifibrotic pathway also
explains the beneficial effects of apoptotic
cell instillation in fibrotic lungs (42).
However, if true, why were wild-type mice,
which had the capacity to synthesize
PGE, and to activate plasminogen, not
protected in experimental models of lung
fibrosis? This question led to our discovery
that E prostanoid (EP)2, an inhibitory
PGE, receptor, was progressively lost on
fibroblasts from fibrotic mice (43); this
observation was later confirmed in patients
with IPF (44). Now we know that EP2
promoter hypermethylation (45), or loss of
protein kinase A expression, explains why

IPF fibroblasts are nonresponsive to PGE,
(44). Fortunately, stimulation of lung
fibroblasts in the presence of plasmin can
overcome the resistance to PGE, signaling
by reorganizing protein kinase A signaling
(46). Thus, there may yet be therapeutic
potential for coordinated delivery of
plasmin and PGE, or phosphodiesterase
inhibitors (47) to combat extracellular
matrix deposition in the setting of lung
fibrosis.

Leukotrienes: Lipids that
Promote Fibrosis

Arachidonic acid can also be metabolized to
form leukotrienes (LTs), and patients with
IPF have increased LTs in BALF (48, 49), as
do animals treated with fibrogenic agents
(50, 51). LTs promote fibroblast migration,
proliferation, and activation (52-54). We
demonstrated that 5-LO—/— mice were
protected from bleomycin-induced fibrosis
(50) and that cys LTs are important
mediators of IL-13-induced fibrosis post-
FITC challenge (55), an observation that
has been confirmed in other models (56).
Accordingly, cys LT1 receptor—deficient
mice were protected from lung fibrosis (57).
Two other interesting observations were
that latent infection with vy herpes virus
could stimulate secretion of cys LTs from
lung AECs (58) and that cys LTs could
mediate the proliferation of fibrocytes (59).

Viral Infections as Cofactors
for Fibrogenesis

An ongoing area of our investigation has
been to understand how viral infections
augment fibrotic responses in the lung.
Treatment of mice with a fibrotic insult
followed by infection with murine vy herpes
virus-68 (YHV-68) can recruit fibrocytes
and exacerbate fibrosis (60). Additionally,
vYHV-68 latent infection before fibrotic
insult enhances fibrogenesis (58). Ongoing
work suggests that infection with
Pseudomonas aeruginosa cannot exacerbate
experimental lung fibrosis, nor can all viral
infections (data not shown); thus, there
may be unique properties about herpes
viruses that promote fibrogenesis. Growing
evidence suggests that herpes viruses are
uniquely retained in the lungs of patients
with IPF (61-69) and that infection with
herpes viruses augments production of
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TGF-B in human and murine AECs (70,
71). In Th2-biased mice, yHV-68-mediated
lung fibrosis is associated with M2
macrophage polarization (72, 73) and
chronic viral reactivation (74). More
recently, we and others have demonstrated
that yYHV-68 infection in aged, but not
young, mice induces lung fibrosis (75, 76).
The mechanisms uncovered in aged mice
include induction of endoplasmic reticulum
stress in aged AECs (75) and increased
expression of TGF-P receptors in lung
fibroblasts (76). Our studies also
demonstrate that herpes viral infections
play a role in fibrotic lung disease that
develops after stem cell transplantation
(77). Taken together, these results suggest
that occult viral infections may play

a prominent but underdiagnosed role in
fibrotic lung disease.

Periostin Promotes Lung
Fibrosis and Predicts
Progression in IPF

As mentioned, aged lungs may be
predisposed to fibrosis. We found that
periostin, a matricellular protein that cross-
links collagen and promotes cellular
signaling (78-82), was increased in
fibroblasts from old mice (15-18 mo old)
compared with young mice (4 mo old; data
not shown). Initial studies in patients with
IPF demonstrated periostin in areas of
fibrotic lung pathology and in serum where
it correlated with reductions in lung
function (80). We confirmed that levels of
periostin were elevated in patients with
IPF and could predict disease progression
(79). When animal models were initiated,
studies in Balb/c mice suggested that
periostin influenced chemokine secretion to
promote inflammation and/or cellular
migration (83). In our studies in C57Bl/6
mice, periostin up-regulated mesenchymal
cell proliferation, migration, and
extracellular matrix production (79).
Interestingly, bone marrow chimeras
revealed an important role for periostin
production in circulating hematopoietic
cells. We found circulating fibrocytes

from patients with IPF express abundant
periostin mRNA, whereas fibrocytes
isolated from control subjects had
undetectable levels (79). This suggested that
fibrocytes might regulate fibrosis via
paracrine secretion of profibrotic mediators
rather than via differentiation into
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fibroblasts and myofibroblasts (84). Further
support for this hypothesis comes from
studies of another matricellular protein
known as SPARC (secreted protein acidic
and rich in cysteine), which also regulates
fibrocyte function to promote collagen
secretion (85). Taken together, these
studies may explain how our adoptive
transfer of small numbers of fibrocytes had
the ability to increase lung fibrosis (6).
Because matricellular proteins may act to
increase matrix stiffness, fibroblast
activation, and cellular survival (37, 38, 79,
80, 83, 85-88), matricellular proteins may
be important therapeutic targets. In fact,
our studies demonstrate that treatment of
mice with a neutralizing antibody that
blocks interaction of periostin with
particular cellular integrins can halt
progression of established lung fibrosis
(79).

Final Thoughts

When reflecting on work from our
laboratory and the many other studies I was

unable to mention in this perspective, I am
encouraged by the rapid accumulation of
new knowledge. Molecules like chemokines
and matricellular proteins; processes like
infection, epithelial cell stress, and matrix
stiffening; and cell types like fibrocytes that
were essentially unstudied or unknown in
this field are now common in our lexicon of
fibrotic pathogenesis. Progress in these
areas has required critical observation of
patients with lung fibrosis and their tissues
coupled with careful interpretation of
mechanistic studies in animal models.
Although some may argue that our animal
models do not recapitulate the phenotype
of progressive fibrosis seen in patients with
IPF, I still believe there is an imperative role
for animal models in addressing targeted
mechanistic questions (89). I am also
reminded that the study of lung fibrosis is
a collaborative effort. The ability to test new
therapies and to obtain biological samples
for further study requires collaborative
networks, such as the IPF clinical research
network (www.ipfnet.org). Translational
research is also benefitted when basic

scientists and clinicians partner together to
contribute their respective expertise to cross-
fertilize and enhance the research and
clinical missions. Progress also takes
patients, and I am indebted to many for
their willingness to participate in research
studies. Finally, progress will take resources.
The single biggest threat to our ability to
understand and treat fibrotic lung diseases
will come from a lack of funding.
Competition for limited federal funding for
scientific research is fierce, and too many
deserving studies are going unfunded. Too
many talented investigators will be forced to
abandon research projects or, even worse, to
abandon research altogether. It will be
important for researchers to partner with
patient advocacy groups to raise awareness
and to raise research dollars from multiple
sources. If we can do all of this, my hope
is that there will be an opportunity in the
very near future for another researcher to
write a perspective on how we collectively
learned to treat pulmonary fibrosis. H

Author disclosures are available with the text
of this article at www.atsjournals.org.

References

1. Miller MD, Krangel MS. Biology and biochemistry of the chemokines:

12. Deng X, Xu M, Yuan C, Yin L, Chen X, Zhou X, Li G, Fu Y, Feghali-
Bostwick CA, Pang L. Transcriptional regulation of increased CCL2

expression in pulmonary fibrosis involves nuclear factor-xB and
activator protein-1. Int J Biochem Cell Biol 2013;45:1366-1376.

a family of chemotactic and inflammatory cytokines. Crit Rev Immunol
1992;12:17-46.

. Agostini C, Gurrieri C. Chemokine/cytokine cocktail in idiopathic
pulmonary fibrosis. Proc Am Thorac Soc 2006;3:357-363.

. Selman M, Pardo A. Idiopathic pulmonary fibrosis: an epithelial/
fibroblastic cross-talk disorder. Respir Res 2002;3:3.

. Strieter RM, Belperio JA, Keane MP. CXC chemokines in angiogenesis
related to pulmonary fibrosis. Chest 2002;122(6 Suppl)298S-301S.

. Moore BB, Kolodsick JE, Thannickal VJ, Cooke K, Moore TA,
Hogaboam C, Wilke CA, Toews GB. CCR2-mediated recruitment of
fibrocytes to the alveolar space after fibrotic injury. Am J Pathol 2005;
166:675-684.

. Moore BB, Murray L, Das A, Wilke CA, Herrygers AB, Toews GB. The
role of CCL12 in the recruitment of fibrocytes and lung fibrosis. Am
J Respir Cell Mol Biol 2006;35:175-181.

. Moore BB, Paine R Ill, Christensen PJ, Moore TA, Sitterding S, Ngan R,
Wilke CA, Kuziel WA, Toews GB. Protection from pulmonary fibrosis in
the absence of CCR2 signaling. J Immunol 2001;167:4368-4377.

. Baran CP, Opalek JM, McMaken S, Newland CA, O’Brien JM Jr, Hunter
MG, Bringardner BD, Monick MM, Brigstock DR, Stromberg PC, et al.
Important roles for macrophage colony-stimulating factor, CC
chemokine ligand 2, and mononuclear phagocytes in the pathogenesis
of pulmonary fibrosis. Am J Respir Crit Care Med 2007;176:78-89.

. Hartl D, Griese M, Nicolai T, Zissel G, Prell C, Reinhardt D, Schendel DJ,
Krauss-Etschmann S. A role for MCP-1/CCR2 in interstitial lung
disease in children. Respir Res 2005;6:93.

10. Capelli A, Di Stefano A, Gnemmi I, Donner CF. CCR5 expression and

CC chemokine levels in idiopathic pulmonary fibrosis. Eur Respir
J 2005;25:701-707.

11. Shinoda H, Tasaka S, Fujishima S, Yamasawa W, Miyamoto K, Nakano
Y, Kamata H, Hasegawa N, Ishizaka A. Elevated CC chemokine level
in bronchoalveolar lavage fluid is predictive of a poor outcome of
idiopathic pulmonary fibrosis. Respiration 2009;78:285-292.

850

13.

14.

15.

16.

17.

18.

19.

20.

21.

Murray LA, Argentieri RL, Farrell FX, Bracht M, Sheng H, Whitaker B,
Beck H, Tsui P, Cochlin K, Evanoff HL, et al. Hyper-responsiveness
of IPF/UIP fibroblasts: interplay between TGFbeta1, IL-13 and CCL2.
Int J Biochem Cell Biol 2008;40:2174-2182.

Gharaee-Kermani M, McCullumsmith RE, Charo IF, Kunkel SL, Phan
SH. CC-chemokine receptor 2 required for bleomycin-induced
pulmonary fibrosis. Cytokine 2003;24:266-276.

Liu X, Das AM, Seideman J, Griswold D, Afuh CN, Kobayashi T, Abe S,
Fang Q, Hashimoto M, Kim H, et al. The CC chemokine ligand 2
(CCL2) mediates fibroblast survival through IL-6. Am J Respir Cell
Mol Biol 2007;37:121-128.

Okuma T, Terasaki Y, Kaikita K, Kobayashi H, Kuziel WA, Kawasuiji M,
Takeya M. C-C chemokine receptor 2 (CCR2) deficiency improves
bleomycin-induced pulmonary fibrosis by attenuation of both
macrophage infiltration and production of macrophage-derived
matrix metalloproteinases. J Pathol 2004;204:594-604.

Zhu Z, Ma B, Zheng T, Homer RJ, Lee CG, Charo IF, Noble P, Elias JA.
IL-13-induced chemokine responses in the lung: role of CCR2 in the
pathogenesis of IL-13-induced inflammation and remodeling. J
Immunol 2002;168:2953-2962.

Abe R, Donnelly SC, Peng T, Bucala R, Metz CN. Peripheral blood
fibrocytes: differentiation pathway and migration to wound sites. J
Immunol 2001;166:7556-7562.

Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A. Circulating
fibrocytes define a new leukocyte subpopulation that mediates
tissue repair. Mol Med 1994;1:71-81.

Chesney J, Bucala R. Peripheral blood fibrocytes: mesenchymal
precursor cells and the pathogenesis of fibrosis. Curr Rheumatol Rep
2000;2:501-505.

Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, Xue YY, Belperio
JA, Keane MP, Strieter RM. Circulating fibrocytes traffic to the lungs
in response to CXCL12 and mediate fibrosis. J Clin Invest 2004;114:
438-446.

American Journal of Respiratory Cell and Molecular Biology Volume 50 Number 5 | May 2014


http://www.ipfnet.org
http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2014-0075PS/suppl_file/disclosures.pdf
http://www.atsjournals.org

PERSPECTIVES

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mehrad B, Burdick MD, Zisman DA, Keane MP, Belperio JA, Strieter RM.
Circulating peripheral blood fibrocytes in human fibrotic interstitial lung
disease. Biochem Biophys Res Commun 2007;353:104-108.

Moeller A, Gilpin SE, Ask K, Cox G, Cook D, Gauldie J, Margetts PJ,
Farkas L, Dobranowski J, Boylan C, et al. Circulating fibrocytes are
an indicator of poor prognosis in idiopathic pulmonary fibrosis. Am J
Respir Crit Care Med 2009;179:588-594.

Ekert JE, Murray LA, Das AM, Sheng H, Giles-Komar J, Rycyzyn MA.
Chemokine (C-C motif) ligand 2 mediates direct and indirect fibrotic
responses in human and murine cultured fibrocytes. Fibrogenesis
Tissue Repair 2011;4:23.

Moore BB, Peters-Golden M, Christensen PJ, Lama V, Kuziel WA,
Paine R 3rd, Toews GB. Alveolar epithelial cell inhibition of fibroblast
proliferation is regulated by MCP-1/CCR2 and mediated by PGE2.
Am J Physiol Lung Cell Mol Physiol 2003;284:L.342-1.349.

Borok Z, Gillissen A, Buhl R, Hoyt RF, Hubbard RC, Ozaki T, Rennard
Sl, Crystal RG. Augmentation of functional prostaglandin E levels on
the respiratory epithelial surface by aerosol administration of
prostaglandin E. Am Rev Respir Dis 1991;144:1080-1084.

Wilborn J, Crofford LJ, Burdick MD, Kunkel SL, Strieter RM, Peters-
Golden M. Cultured lung fibroblasts isolated from patients with
idiopathic pulmonary fibrosis have a diminished capacity to
synthesize prostaglandin E2 and to express cyclooxygenase-2.

J Clin Invest 1995;95:1861-1868.

Gabasa M, Royo D, Molina-Molina M, Roca-Ferrer J, Pujols L, Picado
C, Xaubet A, Pereda J. Lung myofibroblasts are characterized by
down-regulated cyclooxygenase-2 and its main metabolite,
prostaglandin E2. PLoS ONE 2013;8:e65445.

Kolodsick JE, Peters-Golden M, Larios J, Toews GB, Thannickal VJ,
Moore BB. Prostaglandin E2 inhibits fibroblast to myofibroblast
transition via E. prostanoid receptor 2 signaling and cyclic adenosine
monophosphate elevation. Am J Respir Cell Mol Biol 2003;29:537-544.

Garrison G, Huang SK, Okunishi K, Scott JP, Kumar Penke LR,
Scruggs AM, Peters-Golden M. Reversal of myofibroblast
differentiation by prostaglandin E(2). Am J Respir Cell Mol Biol 2013;
48:550-558.

Lama V, Moore BB, Christensen P, Toews GB, Peters-Golden M.
Prostaglandin E, synthesis and suppression of fibroblast
proliferation by alveolar epithelial cells is cyclooxygenase-2-
dependent. Am J Respir Cell Mol Biol 2002;27:752-758.

Moore BB, Coffey MJ, Christensen P, Sitterding S, Ngan R, Wilke CA,
McDonald R, Phare SM, Peters-Golden M, Paine R Ill, et al. GM-CSF
regulates bleomycin-induced pulmonary fibrosis via a prostaglandin-
dependent mechanism. J Immunol 2000;165:4032-4039.

Hodges RJ, Jenkins RG, Wheeler-Jones CP, Copeman DM, Bottoms
SE, Bellingan GJ, Nanthakumar CB, Laurent GJ, Hart SL, Foster ML,
et al. Severity of lung injury in cyclooxygenase-2-deficient mice is
dependent on reduced prostaglandin E(2) production. Am J Pathol
2004;165:1663-1676.

lvanova V, Garbuzenko OB, Reuhl KR, Reimer DC, Pozharov VP, Minko
T. Inhalation treatment of pulmonary fibrosis by liposomal
prostaglandin E2. Eur J Pharm Biopharm 2013;84:335-344.

Dackor RT, Cheng J, Voltz JW, Card JW, Ferguson CD, Garrett RC,
Bradbury JA, DeGraff LM, Lih FB, Tomer KB, et al. Prostaglandin E2
protects murine lungs from bleomycin-induced pulmonary fibrosis
and lung dysfunction. Am J Physiol Lung Cell Mol Physiol 2011;301:
L645-1.655.

Huang SK, White ES, Wettlaufer SH, Gritka H, Hogaboam CM,
Thannickal VJ, Horowitz JC, Peters-Golden M. Prostaglandin E(2)
induces fibroblast apoptosis by modulating multiple survival
pathways. FASEB J 2009;23:4317-4326.

Liu F, Mih JD, Shea BS, Kho AT, Sharif AS, Tager AM, Tschumperlin
DJ. Feedback amplification of fibrosis through matrix stiffening and
COX-2 suppression. J Cell Biol 2010;190:693-706.

Marinkovi¢ A, Liu F, Tschumperlin DJ. Matrices of physiologic stiffness
potently inactivate idiopathic pulmonary fibrosis fibroblasts. Am J
Respir Cell Mol Biol 2013;48:422-430.

Ajayi 10, Sisson TH, Higgins PD, Booth AJ, Sagana RL, Huang SK,
White ES, King JE, Moore BB, Horowitz JC. X-linked inhibitor of
apoptosis regulates lung fibroblast resistance to Fas-mediated
apoptosis. Am J Respir Cell Mol Biol 2013;49:86-95.

Moore: 15 Years of Lung Fibrosis Research

40

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

. Sisson TH, Maher TM, Ajayi 10, King JE, Higgins PD, Booth AJ, Sagana
RL, Huang SK, White ES, Moore BB, et al. Increased survivin
expression contributes to apoptosis-resistance in IPF fibroblasts.
Adv Biosci Biotechnol 2012;3:657-664.

Bauman KA, Wettlaufer SH, Okunishi K, Vannella KM, Stoolman JS,
Huang SK, Courey AJ, White ES, Hogaboam CM, Simon RH, et al.
The antifibrotic effects of plasminogen activation occur via
prostaglandin E2 synthesis in humans and mice. J Clin Invest 2010;
120:1950-1960.

Yoon YS, Lee YJ, Choi JY, Cho MS, Kang JL. Coordinated induction of
cyclooxygenase-2/prostaglandin E2 and hepatocyte growth factor
by apoptotic cells prevents lung fibrosis. J Leukoc Biol 2013;94:
1037-1049.

Moore BB, Ballinger MN, White ES, Green ME, Herrygers AB, Wilke CA,
Toews GB, Peters-Golden M. Bleomycin-induced E prostanoid
receptor changes alter fibroblast responses to prostaglandin E2.

J Immunol 2005;174:5644-5649.

Huang SK, Wettlaufer SH, Hogaboam CM, Flaherty KR, Martinez FJ,
Myers JL, Colby TV, Travis WD, Toews GB, Peters-Golden M. Variable
prostaglandin E2 resistance in fibroblasts from patients with usual
interstitial pneumonia. Am J Respir Crit Care Med 2008;177:66-74.

Huang SK, Fisher AS, Scruggs AM, White ES, Hogaboam CM,
Richardson BC, Peters-Golden M. Hypermethylation of PTGER2
confers prostaglandin E2 resistance in fibrotic fibroblasts from
humans and mice. Am J Pathol 2010;177:2245-2255.

Okunishi K, Sisson TH, Huang SK, Hogaboam CM, Simon RH, Peters-
Golden M. Plasmin overcomes resistance to prostaglandin E2 in
fibrotic lung fibroblasts by reorganizing protein kinase A signaling.
J Biol Chem 2011;286:32231-32243.

Togo S, Liu X, Wang X, Sugiura H, Kamio K, Kawasaki S, Kobayashi T,
Ertl RF, Ahn Y, Holz O, et al. PDE4 inhibitors roflumilast and rolipram
augment PGE2 inhibition of TGF-beta1-stimulated fibroblasts. Am
J Physiol Lung Cell Mol Physiol 2009;296:L.959-1.969.

Wilborn J, Bailie M, Coffey M, Burdick M, Strieter R, Peters-Golden M.
Constitutive activation of 5-lipoxygenase in the lungs of patients with
idiopathic pulmonary fibrosis. J Clin Invest 1996;97:1827-1836.

Wardlaw AJ, Hay H, Cromwell O, Collins JV, Kay AB. Leukotrienes,
LTC4 and LTB4, in bronchoalveolar lavage in bronchial asthma and
other respiratory diseases. J Allergy Clin Immunol 1989;84:19-26.

Peters-Golden M, Bailie M, Marshall T, Wilke C, Phan SH, Toews GB,
Moore BB. Protection from pulmonary fibrosis in leukotriene-
deficient mice. Am J Respir Crit Care Med 2002;165:229-235.

Ziboh VA, Yun M, Hyde DM, Giri SN. Gamma-linolenic acid-containing
diet attenuates bleomycin-induced lung fibrosis in hamsters. Lipids
1997;32:759-767.

Baud L, Perez J, Denis M, Ardaillou R. Modulation of fibroblast
proliferation by sulfidopeptide leukotrienes: effect of indomethacin.
J Immunol 1987;138:1190-1195.

Phan SH, McGarry BM, Loeffler KM, Kunkel SL. Binding of leukotriene
C4 to rat lung fibroblasts and stimulation of collagen synthesis
in vitro. Biochemistry 1988;27:2846-2853.

Mensing H, Czarnetzki BM. Leukotriene B4 induces in vitro fibroblast
chemotaxis. J Invest Dermatol 1984;82:9-12.

Kolodsick JE, Toews GB, Jakubzick C, Hogaboam C, Moore TA,
McKenzie A, Wilke CA, Chrisman CJ, Moore BB. Protection from
fluorescein isothiocyanate-induced fibrosis in IL-13-deficient, but not
IL-4-deficient, mice results from impaired collagen synthesis by
fibroblasts. J Immunol 2004;172:4068-4076.

Shim YM, Zhu Z, Zheng T, Lee CG, Homer RJ, Ma B, Elias JA. Role of
5-lipoxygenase in IL-13-induced pulmonary inflammation and
remodeling. J Immunol 2006;177:1918-1924.

Beller TC, Friend DS, Maekawa A, Lam BK, Austen KF, Kanaoka Y.
Cysteinyl leukotriene 1 receptor controls the severity of chronic
pulmonary inflammation and fibrosis. Proc Natl Acad Sci USA 2004;
101:3047-3052.

Vannella KM, Luckhardt TR, Wilke CA, van Dyk LF, Toews GB, Moore
BB. Latent herpesvirus infection augments experimental pulmonary
fibrosis. Am J Respir Crit Care Med 2010;181:465-477.

Vannella KM, McMillan TR, Charbeneau RP, Wilke CA, Thomas PE,
Toews GB, Peters-Golden M, Moore BB. Cysteinyl leukotrienes are
autocrine and paracrine regulators of fibrocyte function. J Immunol
2007;179:7883-7890.

851



PERSPECTIVES

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

852

McMillan TR, Moore BB, Weinberg JB, Vannella KM, Fields WB,
Christensen PJ, van Dyk LF, Toews GB. Exacerbation of established
pulmonary fibrosis in a murine model by gammaherpesvirus. Am
J Respir Crit Care Med 2008;177:771-780.

Folcik VA, Garofalo M, Coleman J, Donegan JJ, Rabbani E, Suster S,
Nuovo A, Magro CM, Di Leva G, Nuovo GJ. Idiopathic pulmonary
fibrosis is strongly associated with productive infection by
herpesvirus saimiri. Mod Pathol (In press)

Lasithiotaki I, Antoniou KM, Vlahava VM, Karagiannis K, Spandidos DA,
Siafakas NM, Sourvinos G. Detection of herpes simplex virus type-1
in patients with fibrotic lung diseases. PLoS ONE 2011;6:e27800.

Pulkkinen V, Salmenkivi K, Kinnula VL, Sutinen E, Halme M, Hodgson
U, Lehto J, Jaaskeldinen A, Piiparinen H, Kere J, et al. A novel
screening method detects herpesviral DNA in the idiopathic
pulmonary fibrosis lung. Ann Med 2012;44:178-186.

Manika K, Alexiou-Daniel S, Papakosta D, Papa A, Kontakiotis T,
Patakas D, Antoniadis A. Epstein-Barr virus DNA in bronchoalveolar
lavage fluid from patients with idiopathic pulmonary fibrosis.
Sarcoidosis Vasc Diffuse Lung Dis 2007;24:134-140.

Lawson WE, Crossno PF, Polosukhin VV, Roldan J, Cheng DS, Lane
KB, Blackwell TR, Xu C, Markin C, Ware LB, et al. Endoplasmic
reticulum stress in alveolar epithelial cells is prominent in IPF:
association with altered surfactant protein processing and
herpesvirus infection. Am J Physiol Lung Cell Mol Physiol 2008;294:
L1119-L1126.

Egan JJ, Stewart JP, Hasleton PS, Arrand JR, Carroll KB, Woodcock
AA. Epstein-Barr virus replication within pulmonary epithelial cells in
cryptogenic fibrosing alveolitis. Thorax 1995;50:1234-1239.

Kelly BG, Lok SS, Hasleton PS, Egan JJ, Stewart JP. A rearranged form
of Epstein-Barr virus DNA is associated with idiopathic pulmonary
fibrosis. Am J Respir Crit Care Med 2002;166:510-513.

Stewart JP, Egan JJ, Ross AJ, Kelly BG, Lok SS, Hasleton PS,
Woodcock AA. The detection of Epstein-Barr virus DNA in lung
tissue from patients with idiopathic pulmonary fibrosis. Am J Respir
Crit Care Med 1999;159:1336-1341.

Tang YW, Johnson JE, Browning PJ, Cruz-Gervis RA, Davis A, Graham
BS, Brigham KL, Oates JA Jr, Loyd JE, Stecenko AA. Herpesvirus
DNA is consistently detected in lungs of patients with idiopathic
pulmonary fibrosis. J Clin Microbiol 2003;41:2633-2640.

Malizia AP, Keating DT, Smith SM, Walls D, Doran PP, Egan JJ.
Alveolar epithelial cell injury with Epstein-Barr virus upregulates
TGFbetal expression. Am J Physiol Lung Cell Mol Physiol 2008;295:
L451-L460.

Stoolman JS, Vannella KM, Coomes SM, Wilke CA, Sisson TH, Toews
GB, Moore BB. Latent infection by yherpesvirus stimulates
profibrotic mediator release from multiple cell types. Am J Physiol
Lung Cell Mol Physiol 2011;300:L274-1285.

Mora AL, Torres-Gonzalez E, Rojas M, Corredor C, Ritzenthaler J, Xu J,
Roman J, Brigham K, Stecenko A. Activation of alveolar
macrophages via the alternative pathway in herpesvirus-induced
lung fibrosis. Am J Respir Cell Mol Biol 2006;35:466-473.

Gangadharan B, Hoeve MA, Allen JE, Ebrahimi B, Rhind SM, Dutia BM,
Nash AA. Murine gammaherpesvirus-induced fibrosis is associated
with the development of alternatively activated macrophages.

J Leukoc Biol 2008;84:50-58.

Mora AL, Torres-Gonzalez E, Rojas M, Xu J, Ritzenthaler J, Speck SH,
Roman J, Brigham K, Stecenko A. Control of virus reactivation
arrests pulmonary herpesvirus-induced fibrosis in IFN-gamma
receptor-deficient mice. Am J Respir Crit Care Med 2007;175:
1139-1150.

75

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

. Torres-Gonzdlez E, Bueno M, Tanaka A, Krug LT, Cheng DS,
Polosukhin VV, Sorescu D, Lawson WE, Blackwell TS, Rojas M, et al.
Role of endoplasmic reticulum stress in age-related susceptibility to
lung fibrosis. Am J Respir Cell Mol Biol 2012;46:748-756.

Naik PK, et al. Increased pulmonary fibrosis in aged mice infected with
murine gammaherpesvirus when compared to young controls
[abstract]. Am J Respir Crit Care Med 2010;181:A1996.

Coomes SM, Farmen S, Wilke CA, Laouar Y, Moore BB. Severe
gammabherpesvirus-induced pneumonitis and fibrosis in syngeneic
bone marrow transplant mice is related to effects of transforming
growth factor-B. Am J Pathol 2011;179:2382-2396.

Horiuchi K, Amizuka N, Takeshita S, Takamatsu H, Katsuura M, Ozawa
H, Toyama Y, Bonewald LF, Kudo A. Identification and
characterization of a novel protein, periostin, with restricted
expression to periosteum and periodontal ligament and increased
expression by transforming growth factor beta. J Bone Miner Res
1999;14:1239-1249.

Naik PK, Bozyk PD, Bentley JK, Popova AP, Birch CM, Wilke CA, Fry
CD, White ES, Sisson TH, Tayob N, et al.; COMET Investigators.
Periostin promotes fibrosis and predicts progression in patients with
idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol
2012;303:L1046-L1056.

Okamoto M, Hoshino T, Kitasato Y, Sakazaki Y, Kawayama T, Fujimoto
K, Ohshima K, Shiraishi H, Uchida M, Ono J, et al. Periostin, a matrix
protein, is a novel biomarker for idiopathic interstitial pneumonias.
Eur Respir J 2011;37:1119-1127.

Orecchia P, Conte R, Balza E, Castellani P, Borsi L, Zardi L, Mingari
MC, Carnemolla B. Identification of a novel cell binding site of
periostin involved in tumour growth. Eur J Cancer 2011;47:
2221-2229.

Sidhu SS, Yuan S, Innes AL, Kerr S, Woodruff PG, Hou L, Muller SJ,
Fahy JV. Roles of epithelial cell-derived periostin in TGF-beta
activation, collagen production, and collagen gel elasticity in asthma.
Proc Natl Acad Sci USA 2010;107:14170-14175.

Uchida M, Shiraishi H, Ohta S, Arima K, Taniguchi K, Suzuki S,
Okamoto M, Ahlfeld SK, Ohshima K, Kato S, et al. Periostin,

a matricellular protein, plays a role in the induction of chemokines in
pulmonary fibrosis. Am J Respir Cell Mol Biol 2012;46:677-686.

Kleaveland KR, Moore BB, Kim KK. Paracrine functions of fibrocytes to
promote lung fibrosis. Expert Rev Respir Med 2014;8:163-172.

Sangaletti S, Tripodo C, Cappetti B, Casalini P, Chiodoni C, Piconese
S, Santangelo A, Parenza M, Arioli |, Miotti S, et al. SPARC
oppositely regulates inflammation and fibrosis in bleomycin-induced
lung damage. Am J Pathol 2011;179:3000-3010.

Berman JS, Serlin D, Li X, Whitley G, Hayes J, Rishikof DC, Ricupero
DA, Liaw L, Goetschkes M, O’Regan AW. Altered bleomycin-induced
lung fibrosis in osteopontin-deficient mice. Am J Physiol Lung Cell
Mol Physiol 2004;286:L1311-L1318.

Sonnylal S, Shi-Wen X, Leoni P, Naff K, Van Pelt CS, Nakamura H,
Leask A, Abraham D, Bou-Gharios G, de Crombrugghe B. Selective
expression of connective tissue growth factor in fibroblasts in vivo
promotes systemic tissue fibrosis. Arthritis Rheun 2010;62:
1523-1532.

Chang W, Wei K, Jacobs SS, Upadhyay D, Weill D, Rosen GD. SPARC
suppresses apoptosis of idiopathic pulmonary fibrosis fibroblasts
through constitutive activation of beta-catenin. J Biol Chem 2010;
285:8196-8206.

Moore B, Lawson WE, Oury TD, Sisson TH, Raghavendran K,
Hogaboam CM. Animal models of fibrotic lung disease. Am J Respir
Cell Mol Biol 2013;49:167-179.

American Journal of Respiratory Cell and Molecular Biology Volume 50 Number 5 | May 2014



	link2external
	link2external
	link2external

