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A
	

bstract. Idiopathic pulmonary fibrosis (IPF) is a devastating disease with an almost universally t


erminal out-

c� ome.  In recent years much insight has been gained into the pathogenesis of IPF from both a bleo� mycin
mice-model as well as e
 x vivo human tissue studies. Alveolar damage and inflammation of unknown etiology,
e� ventually leading to interstitial fibrosis, characterize IPF. Apoptosis has emerged as an i

�
mportant factor in the

p� athogenesis of IPF. This review will outline the current understanding of the immunologica� l and molecular
m� echanisms underlying IPF and discuss new therapeutic strategies.
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Introduction

I
�
diopathic pulmorary fibrosis (IPF) is a devastating,

c� hronic progressive disease with an almost invariably
t



erminal outcome. IPF is characterized, in the end-stage,

b
�
y impaired gas exchange and a restricted lung-volume

d
�
ue to interstitial alveolar fibrosis. Pulmonary fibrosis

m� ay result from diverse insults to the lung: exogenous
f

�
actors which include infections, radiation damage and

inhalation of dusts, and endogenous factors, which in-
c� lude connective tissue disorders and sarcoidosis. In up
t



o 50% of cases no known predisposing factor has been

found, and this disease is known as IPF or cryptogenic
f

�
ibrosing alveolitis in the United Kingdom. Patients

suffering from IPF, most of them over 50 years of age,

initially suffer from dyspnoe on exertion, non-produc-
t



ive coughing or both. On clinical examination of the

c� hest, end-inspiratory crackles at the bases of the lungs
a� re noted and approximately 25% of patients have
finger clubbing. On chest radiographs, reticular sha-
d

�
owing and honeycombing are found. The histopatho-

logy of clinical IPF comprises four distinct interstitial
p� neumonias: usual interstitial pneumonia, the most
c� ommon form, desquamitive interstitial pneumonia,
a� cute interstitial pneumonia and nonspecific interstitial
p� neumonia3

�
3.

D
�

ue to the relatively low occurrence of IPF and case
d

�
efinition differences between epidemiological reports,

a� n accurate incidence of IPF is hard to establish. The
incidence of IPF was believed to be 5 persons in every
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100 000; however, more recently the incidence has
b

�
een reported to be 18 persons in every 100 000 in the

U
�

nited States13. The effects from therapeutical proto-
c� ols, comprising corticosteroids and immunosuppres-
a� nts/cytotoxics (e.g. cyclophosphamide), are disap-
p� ointing and side-effects are severe. The median
survival from diagnosis is approximately 4 year4

 
9 or, in

a�  survival study where prevalent cases were excluded,
e� ven 2.9 year27. Single lung-transplantation is currently
t



he only therapeutic option conferring survival benefit

in end-stage IPF2
�
5. Annual mortality due to IPF has

d
�
oubled over the last two decades3

�
2, and is still rising

i
�
n the UK, Canada and the United States2

�
8, highlighting

t


he need for a better understanding of and improved
t



herapeutic strategies for IPF.

I
�
n recent years, studies in rodent-bleomycin models

a� nd e
 x vivo studies of human material have yielded
c� onsiderable advances with regard to the molecular
m� echanisms underlying IPF and this review will outline
t



he insights gained. Possible new avenues for therapy

e� merging from this enhanced insight into IPF will be
d

�
iscussed.

P
!

athogenesis

A
"

lthough alveolar epithelial damage p# er se does not
l

$
ead to IPF, notably the earliest recognizable event in

IPF is pulmonary epithelial damage. The subsequent
a� lveolitis and fibroblast proliferation eventually lead to
e� xtensive interstitial fibrosis. The reason, however, for
t



he precipitating injury of alveolar cells, marking the

o� nset of IPF, has remained obscure. A variety of risk
factors have been suggested, including exposure to sev-
e� ral exogenous factors, especially wood, metal dusts,
smoking and some therapeutic drugs4, 29–31, 61. However,
n% ot all subjects equally exposed to these factors develop
IPF. The relation, therefore, between these factors and
d

�
isease initiation remains unclear.

Viral involvement

I
�
PF is sometimes preceded by viral disease-like

symptoms and a relationship between infection with
E

&
pstein-Barr virus (EBV) and IPF has been suggested

since 19847
'

0. More recently, this association was appar-
e� ntly corroborated by STEWART et al.6

(
5, who showed

t


hat 11 out of 27 patients with IPF and none of the

c� ontrol subjects (total of 28) were EBV positive, both
b

�
y immunohistochemistry and PCR. This observation,

h
)
owever, contrasts the results obtained by WA

*
NGOO et

a� l.7
'

3. Investigations into possible adenovirus E1A invol-

v+ ement have shown no association with IPF4
 

1. A trial
u, sing the antiviral agent ribavarin in advanced cases of
IPF yielded no benefits, suggesting there may be no
i

�
nvolvement of viral factors in late-stage IPF1. Hence,

it is still doubtful whether a viral infection is really
a�  causative event in IPF.

Genetic predisposition

Several familial occurrences of IPF have been ident-
ified5

-
, 46, 66, 68, strongly suggesting that a genetic predis-

p� osition may be important in IPF development. In
a� greement, different inbred strains of mice show differ-
e� nt susceptibilities to the fibrogenic agent bleomycin.
E

&
arly genetic research was focused on polymorphisms

i
�
n the MHC, but the results obtained were contradic-

t


ory4

 
3, 69 and this research was not continued. Technical

p� ossibilities for genetic research have been vastly im-
p� roved in recent years and it is to be hoped that further
research into the genetic basis of IPF will be performed.

R
.

ole for apoptosis

Recently, exciting advances have been made in un-
r/ aveling the earliest recognizable change in IPF: the
loss of alveolar epithelial cells, which seems to involve
a� poptosis. One of the key pathways leading to apoptosis
is the Fas/FasL-pathway. Fas (CD95/Apo-1), a member
o� f the TNF-receptor family, is expressed on a variety
o� f cells and forms the receptor for FasL. Upon binding
o� f FasL, a member of the TNF family, apoptosis is
induced in the Fas-bearing cell. FasL is expressed pre-
d

�
ominantly on activated T lymphocytes and natural kil-

ler cells. Cytotoxic T cells, for example, exert their cy-
t



otoxic effect partly through inducing apoptosis via the

Fas/FasL-pathway45. Apoptosis can also play a role in
d

�
isease. Fas mutations have been reported to cause lym-

p� hoproliferative disorders with autoimmune manifesta-
t



ions6

(
0, 62. Excessive Fas activity, on the other hand,

may cause tissue destruction: an intra-peritoneal injec-
t



ion of an anti-Fas antibody, which mimics Fas-FasL

c� ross-linking, into adult mice caused severe liver dam-
a� ge by apoptosis5

-
6.

Recently, Fas-induced apoptosis has been impli-
c� ated in the pathogenesis of IPF. KU

0
WANO et al.3

�
9 dem-

o� nstrated apoptosis in bronchiolar and alveolar epithe-
lial cells from patients with IPF, using the TUNEL
method. Furthermore, it was shown, by means of im-
m� unohistochemistry on lung-tissue samples from IPF
p� atients, that the expression of Fas on bronchiolar and
a� lveolar epithelial cells as well as the expression of
FasL on infiltrating lymphocytes and granulocytes is

5
1
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u, p-regulated in patients suffering from this disease4
 

0.
Supporting data were obtained using the bleomycin
model, a widely used and reproducible murine model
f

�
or IPF. In this model, bleomycin induces pulmonary

t


oxicity, including DNA damage consistent with apop-

t


osis, leading to pulmonary fibrosis similar to that in

h
)
umans2

�
2. Although extrapolation to the human situ-

a� tion must be done with care, it is fair to say this model
has contributed to our insight into IPF. Using the
m� urine bleomycin model, FasL mRNA was shown to
b

�
e up-regulated in infiltrating lymphocytes and Fas was

shown to be up-regulated on alveolar and bronchial
e� pithelial cells, in which enhanced apoptosis was de-
t



ected21. Furthermore, in mice that were repeatedly

g2 iven inhalations of aerosolized anti-Fas antibody, ex-
c� essive apoptosis and inflammation was observed,
w3 hich resulted in pulmonary fibrosis2

�
0. Finally, it was

d
�
emonstrated that mice deficient in Fas (l

4
pr mutants)

o� r FasL (g5 ld mutants) were protected from bleomycin-
-induced pulmonary fibrosis and that with a soluble
f

�
orm of the Fas antigen or anti-FasL antibody similar

p� rotection was achieved3
�
8. Several confounding factors

in these studies should be mentioned. As has been noted
b

�
y CHAPMAN8, Fas/FasL pathway disruption could lead

t


o altered cytokine release by lymphocytes, possibly

c� onferring protection from bleomycin-induced pulmon-
a� ry fibrosis. Furthermore, protection from bleomycin-
-induced pulmonary fibrosis in the l

4
pr and g5 ld mutants

may be an indirect consequence of the phenotype. An
a� nswer to this question could be obtained by perfor-
m� ing experiments using Fas/FasL knock-in mice.
N

6
onetheless, the reported observations provide strong

e� vidence  for  the hypothesis that excessive FasL-Fas-
-mediated apoptosis of alveolar epithelial cells is cru-
c� ial in IPF development.

Although Fas-mediated apoptosis appears to be
a�  key event in the etiology of IPF, the identity of the
e� vents initiating this apoptotic reaction remains ob-
scure. Several of the risk factors proposed for IPF, such
a� s viruses, toxins (e.g. bleomycin) and aberrant MHC
T cell receptor interaction, can initiate apoptosis.
A genetic predisposition for aberrant epithelial cell
a� poptosis after exposure to an exogenous apoptosis-in-
d

�
ucing agent seems a plausible causative mechanism

f
�
or IPF, but, obviously, further research into this field,

focussing on genetic abnormalities in the apoptosis ele-
ments involved, is required.

Apoptosis and inflammation

A
"

poptosis avoids the inflammation associated with
necrotic cell death. In general, the Fas pathway is im-

p� licated in containing inflammatory reactions by induc-
ing apoptosis of inflammatory cells, which would ap-
p� arently be at odds with the observed inflammatory
r/ eaction during IPF. However, it has been reported that
Fas ligation can induce proinflammatory cytokine re-
lease, for example of IL-8, indicating that the Fas path-
w3 ay can also lead to inflammation10, 19, 50. In agreement
Fas ligation in the lung in experimental rodents in vivo
p� roduces an inflammatory reaction20.

T cell involvement

T
7

he role of T cells in the pathogenesis of IPF is
u, nclear. IPF exhibits a Th2 cytokine pattern7

'
1, charac-

t


erised by IL-4 (suggested to be a fibrogenic cyto-

k
8
ine5

-
8)

9
 and IL-5, and a relative deficiency of IFN-γ:  (an

a� nti-fibrotic cytokine18)
9
 and Th1 inhibitors in the bleo-

mycin model did not ameliorate fibrosis3
�
6. As we dis-

c� ussed, FasL-expressing, infiltrating T cells are impli-
c� ated in the initiation of IPF40. However, in vitro apoptosis
o� f alveolar epithelial-derived cells induced by CD8+ T cells
w3 as reported to be FasL-independent and TNF-α-media-
t



ed4

 
4. Furthermore, SCID variants of bleomycin-susceptible

mice strains showed no different development of pulmon-
a� ry fibrosis than their wild-type controls, showing that
T cells are not required in this respect23, prompting alterna-
t



ive explanations as to the identity of the FasL-presenting
c� ells responsible for epithelial apoptosis.

Inflammation

Although apoptosis seems essential for initiating
I

�
PF, the inflammatory reaction is involved in the actual

d
�
evelopment of fibrotic tissue. Hence, the inflamma-

t


ory cell response, long considered to be the pivotal

p� hase in the initiation of IPF, seems to be a later stage
i

�
n the reaction to the alveolar damage. This alveolar

d
�
amage may cause activation of resident macrophages

a� nd, in turn, an influx of granulocytes, but also mono-
c� ytes and lymphocytes. In conjunction with the residen-
t



ial cells, these cells thus mobilized release, amongst

o� thers, the profibrotic TGF-β and TNF-α as well as the
a� nti-fibrotic IFN-γ: . The resultant effect of these persist-
e� nt inflammatory signals on fibroblasts eventually leads to
e� xtracellular collagen deposition and fibrosis. We shall now
d

�
iscuss the role of different pro- and anti-fibrotic cytokines

t


hat may become interesting targets for therapy in IPF.

Fibrogenic cytokines

T
7

GF-β is believed to play a crucial role in the de-
p� osition of extracellular matrix. TGF-β stimulates col-
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l
$
agen synthesis5

-
9. In experimental pulmonary fibrosis,

p� redominantly the TGF-β1 isoform is enhanced12 and,
a� lso in human pulmonary fibrosis, TGF-β1 gene and
p� rotein expression is enhanced6

(
. Furthermore, a TGF-β

a� ntibody, the TGF-β binding proteoglycan decorin and
a�  neutralising TGF-β soluble receptor, reduced bleo-
m� ycin-induced pulmonary fibrosis in animal experi-
ments16, 17, 72. Intracellular signal transduction of the
TGF-β signal utilizes Smad proteins and, recently,
Smad 7 has been identified as an intracellular antagon-
ist of TGF-β signalling5

-
4. Gene transfer of Smad 7,

u, sing a viral vector, protected mice from bleomycin-in-
d

�
uced pulmonary fibrosis5

-
5 and may thus become inter-

e� sting for anti-fibrotic gene therapy.
T

7
NF-α may also be an interesting target for anti-cy-

t


okine therapy in IPF. OR

;
TIZ et al.5

-
7 showed that, in

e� xperimental pulmonary fibrosis, TNF mRNA levels in
macrophages correlated with inflammation after expo-
sure to bleomycin. Moreover, TNF-receptor knock-out
mice were protected from the development of fibrosis
i

�
n this model. Furthermore, TNF-α antibody reduced

b
�
leomycin-induced pulmonary fibrosis, as well as sup-

p� ressing lung TGF-β1 and IL-5 mRNA expression and
lowering eosinophilia. In this study it was suggested
t



hat TNF-α is involved in IL-5-mediated recruitment of

e� osinophils which, in turn, release fibrinogenic cyto-
k

8
ines7

'
5. Mice over-expressing TNF-α in pulmonary

e� pithelium develop a pulmonary pathology with
a�  striking resemblance to human idiopathic pulmonary
fibrosis5

-
1. Hence, the role of TNF-α in IPF is undis-

p� uted and novel TNF inhibitors such as thalidomide
may become important for treating IPF.

I
�
n addition to TGF-β and TNF-α, several other cy-

t


okines stimulate fibrosis in the lung. TGF-α has been

shown to amplify the fibrotic response to lung injury.
Pulmonary collagen accumulation and lung fibrosis
w3 ere significantly lower after bleomycin injury in TGF-
-α-deficient mice than in wild-type mice. No difference
i

�
n lung inflammation was observed between the two

g2 roups4
 

8. Furthermore, over-expression of TGF-α in
p� ulmonary epithelial cells in transgenic mice resulted
in severe pulmonary fibrosis3

�
5. Recently, ET-1 was sug-

g2 ested to play a role in the pathogenesis of IPF. En-
hanced levels of ET-1 were reported in the lungs of
p� atients with pulmonary fibrosis due to systemic scle-
rosis7

'
, and in vitro ET-1 has a profibrotic effect14. In

b
�
leomycin-induced pulmonary fibrosis, enhanced ET-1

levels were reported5
-
2. However, bosentan, an ET-1 re-

c� eptor antagonist, could not prevent collagen deposition
in experimental pulmonary fibrosis5

-
3, and so the exact

r/ ole of ET-1 in the pathogenesis of IPF is unclear.

A
<

nti-fibrotic cytokines

As well as pro-fibrotic cytokines, anti-fibrotic cyto-
k

8
ines have also been reported. In the healthy lung there

is supposedly a balance between pro- and anti-fibrotic
signals. In IPF this balance is apparently tilted towards
c� ollagen production11 and, therefore, anti-fibrotic cyto-
kines may become therapeutically important in IPF.
O

=
ne of the prime candidates for such anti-fibrotic cy-

t


okine therapy is IFN-γ: : IFN-γ:  inhibits collagen produc-

t


ion in vitro, and IFN-γ:  treatment of bleomycin-chal-

l
$
enged mice reduces fibrosis by inhibiting TGF-β

o� ver-expression and subsequent collagen deposition18.
In a preliminary study by ZIESCHE et al.7

'
7, long-term

t


reatment of IPF patients with IFN-γ: -1b and low-dose

p� rednisolone was reported to improve lung function
c� onsiderably compared to treatment with prednisolone
a� lone.

Chemokines

C
>

hemotactic cytokines are also involved in pulmon-
a� ry fibrosis, and not exclusively in the recruitment of
i

�
nflammatory cells. G-CSF and IL-8 can regulate the

i
�
nflux of neutrophils. Both G-CSF and IL-8 levels were

e� nhanced in the BAL fluid from IPF patients, correlat-
ing with the numbers of neutrophils in the BAL fluid3

�
, 76.

T
7

he number of neutrophils in the BAL fluid, in turn,
shows an inverse correlation with the percentage forced
v+ ital capacity of patients with IPF3

�
. MIP-1α antibodies

reduce mononuclear phagocyte recruitment and attenu-
a� te bleomycin-induced pulmonary fibrosis in mice6

(
3,

a� pparently mediated by TNF-α and IL-66
(
4. MIP-2,

a�  chemokine with angiogenic properties, seems in-
v+ olved in neovascularisation in bleomycin-induced pul-
m� onary fibrosis. MIP-2 antibodies attenuated angiogen-
e� sis and pulmonary fibrosis, while neutrophil influx and
fibroblast proliferation were not affected3

�
4. Further-

more, TGF-β and procollagen production by fibroblasts
f

�
rom a murine Th2-type pulmonary fibrosis-model was

MCP-1-dependent24, further supporting an important
r/ ole for chemokines in IPF.

Fibrinolysis

E
&

nhancing alveolar fibrinolytic activity may
b

�
ecome an interesting therapeutic avenue. A decreased

f
�
ibrinolytic activity has been found in the BAL fluid of

p� atients with IPF9
?
. Urokinase-type plasminogen activa-

t


or is one of the important mediators of fibrinolysis in

t


he healthy lung and can be inhibited by PAI-1. In ble-

o� mycin-induced pulmonary fibrosis, the expression of

5
1
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P
@

AI-1 in genetically modified animals positively corre-
lated with the extent of collagen accumulation in the
lung15.

Anti-Apoptotic Therapeutic Avenues

C
>

urrent therapies aimed at interfering with the in-
flammatory component, such as corticosteroids (be-
l

$
ieved to exert their function by inducing apoptosis of

inflammatory cells), have shown little objective effec-
t



iveness47. Currently, several new therapeutic strategies

a� re being developed. Cytokine therapies, targeting IFN-γ: ,
TGF-β or TNF-α have already been discussed. How-
e� ver, they interfere in a relatively late phase of the pa-
t



hogenesis of fibrosis and targeting the apoptotic initia-

t


ion may prove to be more effective. Captopril, an

a� ngiotensin-converting enzyme inhibitor, has been re-
p� orted to inhibit collagen accumulation in radiated rat
lungs7

'
4 and was shown to inhibit Fas-induced apoptosis

o� f human lung epithelial cells in culture6
(

7. p38 MAPK
i

�
s an intracellular signaling pathway element important

in transducing inflammatory signals and apoptosis3
�

7, 42.
p� 38 MAPK inhibition impairs activation-induced T cell
d

�
eath and spontaneous apoptosis of human neutrophils2

�
, 26.

Moreover, expression of FasL was reported to be de-
p� endent on p38 MAPK activity26 and p38 MAPK in-
h

)
ibitors, therefore, hold promise as new agents in IPF-

t


reatment.

In conclusion, current evidence suggests that IPF is
c� aused by Fas-dependent alveolar apoptosis with the
resulting inflammatory reaction finally leading to inter-
stitial fibrosis. At present, no satisfactory treatment is
a� vailable, but as the molecular basis of both apoptosis
a� nd inflammation is rapidly being elucidated, novel
t



herapeutic options are coming within reach.
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