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Regeneration of the endothelium as a novel 
therapeutic strategy for acute lung injury
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Acute lung injury (ALI) is characterized by the influx of protein-rich edema-
tous fluid into the airspaces due to increased permeability of the alveolar-
capillary barrier. Inflammatory mediators are thought to play a critical role 
in the pathogenesis of this disorder. In this issue of the JCI, Zhao et al. report 
that the forkhead box M1 (FoxM1) transcription factor induces endothelial 
regeneration and thereby restores endothelial barrier function after ALI (see 
the related article beginning on page 2333). Their findings raise the intrigu-
ing possibility that the promotion of endothelial regeneration may be a 
novel therapeutic strategy for ALI.

Pathophysiology of acute lung injury
Acute lung injury (ALI) and its more severe 
form, acute respiratory distress syndrome 

(ARDS), are characterized by an acute 
inflammatory process in the airspaces and 
lung parenchyma (1). These clinical syn-
dromes are manifestations of the loss of 
barrier function of the alveolar epithelial 
and pulmonary capillary endothelial cells, 
resulting in respiratory failure. Epidemio-
logical data suggest that the annual inci-
dence of ALI/ARDS in the United States is 
75 per 100,000 of the population. Although 
evidence exists that mortality in patients 

with ALI/ARDS has declined over the last 
10 years, it remains high at 30%–40% and 
is still an important cause of death in criti-
cally ill patients.

The clinical course of ALI is a complex, 
variable process associated with severe lung 
dysfunction. The first stage, the exudative 
phase, is an acute inflammatory response 
accompanied by a marked influx of neu-
trophils injuring epithelial and endothelial 
cells (Figure 1). The resulting death of type 
I epithelial cells invites a breakdown in 
the gas exchange and barrier function of 
the lung and is associated with the flood-
ing of airspaces with protein-rich edema-
tous fluid. Histological features are dense 
hyaline membranes and alveolar collapse. 
Injury to type II epithelial cells reduces sur-
factant production and impairs the removal 
of edematous fluid from the alveolar space. 
Endothelial injury leads to a widening of 

Nonstandard abbreviations used: ALI, acute lung 
injury; ARDS, acute respiratory distress syndrome; 
FoxM1, forkhead box M1; FoxM1 CKO, endothelial 
cell–restricted FoxM1-deficient (mice).
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cellular junctions and capillary membrane 
disruption, producing capillary leakage 
and edema. The proliferative phase is char-
acterized by type II cell proliferation with 
relining of the denuded basement mem-
brane. This is accompanied by ingrowth of 
mesenchymal cells, such as fibroblasts, into 
granulation tissue, followed by the deposi-
tion of collagen and the migration of epi-
thelial cells over the surface of organizing 
granulation tissue. Some patients have an 
uncomplicated course and the disorder 
rapidly resolves; however, insufficient repair 
leads to the fibrotic phase, which is identi-
fied by the deposition of excess collagen and 
extracellular matrices and is associated with 
alveolar wall fibrosis. A complex network of 
cytokines initiates and amplifies the inflam-
matory response in ALI. These molecules 
are produced locally in the lung by alveolar 
macrophages, epithelial cells, and fibro-
blasts and promote neutrophil-dependent 
injury to epithelial and endothelial cells. 
Imbalance between cell death by persistent 
injury and repair appears to be the main 
pathogenesis of ALI.

A recent prospective trial demonstrated 
that use of a ventilatory strategy with a low 
tidal volume significantly reduced in-hos-

pital mortality (2), but clinical trials with 
other treatment strategies, such as surfac-
tant-replacement therapy (3) and inhala-
tion of nitric oxide, failed to show benefits 
(4). Pharmacological treatments with anti-
inflammatory agents, including glucocor-
ticoids, have not proven beneficial (5), sug-
gesting the complexity and redundancy of 
inflammation in ALI. Further understand-
ing of the molecular mechanisms underly-
ing ALI is needed.

Emerging roles of the forkhead box 
M1 transcription factor in ALI
The forkhead gene family, named after the 
founding gene member in Drosophila, is 
characterized by a unique DNA-binding 
domain (6). This so-called forkhead box 
encodes a winged-helix DNA–binding 
motif and is named after the structure of 
the domain when bound to DNA. The tran-
scription factor forkhead box M1 (FoxM1) 
and other members of this family have 
been implicated in organogenesis during 
embryonic development and tumorigen-
esis in adulthood (7). Regulation of FoxM1 
activity and its downstream target mol-
ecules is illustrated in Figure 2. FoxM1 is 
expressed during cellular proliferation and 

extinguished in terminally differentiated 
cells. FoxM1-deficient embryos die in utero 
due to severe defects in the development 
of the embryonic liver and heart (8). The 
FoxM1-deficient liver displays abnormal 
accumulation of polyploid hepatoblasts 
resulting from impaired DNA replication 
and mitosis. The FoxM1-deficient lung 
also displays severe abnormalities in the 
development of the pulmonary microvas-
culature that are associated with dimin-
ished expression of genes essential for lung 
morphogenesis, such as TGF-β receptors 
and VEGF receptors (9). FoxM1 expression 
is increased during liver regeneration after 
injury. Premature expression of FoxM1 in 
the regenerating liver accelerates the onset 
of hepatocyte DNA replication and mitosis 
by modulating the expression of cell cycle–
regulator genes, such as cyclin-dependent 
kinase inhibitors, cyclins, and cell division 
cycle 25 (Cdc25) phosphatases toward pro-
liferation (10). Conversely, hepatocyte-spe-
cific deletion of the FoxM1 gene markedly 
impairs liver regeneration after injury (11) 
and inhibits the development of hepato-
cellular carcinoma (12). The ubiquitous 
expression of FoxM1 accelerates the pro-
liferation of distinct pulmonary cell types, 
such as epithelial and endothelial cells, 
after lung injury induced by chemicals (13), 
indicating that FoxM1 promotes prolifera-
tion of different types of cells.

In this issue of the JCI, Zhao et al. exam-
ine the potential role of FoxM1 in an LPS-
induced ALI model using endothelial 
cell–restricted FoxM1-deficient (FoxM1 
CKO) mice (14). In contrast to FoxM1-
null mice, approximately 80% of FoxM1 
CKO mice developed normally and had a 
normal cardiovascular system. One pos-
sible explanation for this observation is 
that other members of the forkhead gene 
family may play a redundant role in car-
diovascular development. Another possi-
bility is that expression of FoxM1 in other 

Figure 1
Cellular mechanisms of ALI. Proinflamma-
tory cytokines, such as TNF-α, IL-1, and IL-8, 
are produced locally in the lung by alveolar 
macrophages, epithelial cells, and fibroblasts 
and promote neutrophil-dependent injury to 
epithelial and endothelial cells, which leads 
to the loss of barrier function of the alveolar 
epithelial and pulmonary capillary endothelial 
cells (basement membrane disruption). Insuf-
ficient repair leads to the deposition of excess 
collagen and extracellular matrices and is 
associated with alveolar wall fibrosis.
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cell types may release factors that promote 
endothelial proliferation and survival, 
leading to normal cardiovascular develop-
ment. In the present study, however, the 
reason that approximately 20% of FoxM1 
CKO embryos died in utero remains to 
be determined. When ALI was induced by 
LPS, the pulmonary expression of FoxM1 
was upregulated in wild-type mice. This 
upregulation was significantly reduced 
in the lungs of FoxM1 CKO mice. Until 
recently, only a few molecules that regu-
late FoxM1 activity have been identified  
(Figure 2). The authors found that 2 inflam-
matory mediators induced FoxM1 expres-
sion in vitro, but the mechanism of FoxM1 
induction after LPS treatment has not been 
examined. They claim that endothelial 
cell–restricted deletion of FoxM1 mark-
edly impaired pulmonary endothelial cell 
regeneration and increased vascular per-
meability, thus reducing survival after ALI 
due to severe pulmonary edema. Defective 
endothelial cell repair in FoxM1 CKO mice 
is not attributed to the deletion of FoxM1 
in Tie2-positive bone marrow cells since 
transplantation of wild-type bone marrow 
cells into FoxM1 CKO mice had no effect on 
increased vascular permeability. Although 
deletion of FoxM1 might directly affect 
endothelial permeability, an initial increase 
in vascular permeability after LPS challenge 
as well as an increase in basal endothelial 
barrier function in the lung of FoxM1 CKO 
mice was similar to that of wild-type mice. 

Whereas the extent of endothelial apopto-
sis after LPS treatment was not different 
between FoxM1 CKO and wild-type mice, 
endothelial proliferation was significantly 
impaired in the lungs of FoxM1 CKO ani-
mals after injury, suggesting that the lack 
of endothelial proliferation may be a major 
cause of the prolonged increase in vascular 
permeability. However, we cannot exclude 
the possibility that FoxM1 deficiency in 
other vascular beds might reduce the recov-
ery of FoxM1 CKO mice after LPS challenge. 
It is interesting to note that recruitment 
of neutrophils and induction of pulmo-
nary cytokine expression after lung injury 
occurred in FoxM1 CKO mice to a degree 
similar to that in wild-type mice, sug-
gesting that the inflammatory response 
does not contribute to increased vascular 
permeability in this model. There was no 
difference in the number of apoptotic non-
endothelial cells between FoxM1 CKO and 
wild-type mice after ALI, indicating that 
the extent of epithelial injury did not affect 
mortality following LPS-induced injury. It 
has been reported that LPS administration 
cannot completely mimic ALI induced by 
endotoxemia or bacteremia because epi-
thelial injury is mild (15). Thus, it remains 
to be determined whether forced FoxM1 
expression in the pulmonary endothelium 
reduces mortality in more severe ALI mod-
els. Restoring FoxM1 expression in the 
liver of aged mice was shown to improve 
age-associated decline in liver regeneration 

(16) whereas FoxM1 deficiency was report-
ed to accelerate cellular aging (17), which 
has been implicated in age-related diseas-
es, including human atherosclerosis (18). 
It would also be interesting to examine 
whether endothelial expression of FoxM1 
prevents vascular aging and atherosclero-
sis. Finally, given the role of endothelial 
regeneration, FoxM1 is likely to contribute 
to neovascularization of ischemic tissues 
and may be a therapeutic target for isch-
emic cardiovascular diseases.

Approach to ALI treatment
From the insights provided in the present 
study (14), we now realize that endothelial 
regeneration is a potential strategy for ALI 
treatment. This may be accomplished by 
introducing FoxM1 or cell cycle–promot-
ing genes into the pulmonary endothe-
lium, although we must carefully examine 
its effects on tumorigenesis. Treatment 
with growth factors, such as hepatocyte 
growth factor and keratinocyte growth 
factor, has been reported to promote 
regeneration of epithelial and endothelial 
cells in animal models (19) and may be 
effective in patients with ALI. Another 
approach to ALI treatment could involve 
the use of stem cells to regenerate injured 
lung tissue. Bone marrow reconstitution 
studies have demonstrated that these 
stem cells have the potential to differen-
tiate into epithelial and endothelial cells 
in the lung (20). Intravenous infusion of 

Figure 2
Regulation of FoxM1 activity and its down-
stream target molecules. FoxM1 is positively 
regulated by sonic hedgehog, Ras/MEK/ERK,  
and cyclin E/Cdk2 growth signaling path-
ways, among others, and inhibited by the 
tumor suppressor p19ARF. FoxM1 directly or 
indirectly modulates a number of cell cycle 
(replication/mitosis) regulators to promote 
cell proliferation and affects the signal path-
ways essential for organogenesis, includ-
ing TGF-β signaling and VEGF signaling, 
thereby contributing to tissue regeneration, 
tumorigenesis, and organogenesis dur-
ing embryonic development. Cdc25A, cell 
division cycle 25A; Cdc25B, cell division  
cycle 25B; CENP, centromere protein; Plk-1,  
polo-like kinase-1; p19ARF, 19-kDa alterna-
tive reading frame protein.
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bone marrow–derived stem cells may be 
beneficial in ALI since pulmonary micro-
vasculature would be the first capillary 
bed encountered and thus entrap stem 
cells that may help to regenerate pulmo-
nary endothelium after injury. Although 
considerable work will be required, pro-
motion of endothelial regeneration would 
be a novel approach to treat ALI.
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Toll-like receptors and IFN-α:  
partners in autoimmunity
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Many autoimmune diseases are thought to be precipitated by viral infec-
tions. In this issue of the JCI, Lang et al. demonstrate that, in a mouse model 
of autoimmune hepatitis, viral infections not only trigger expansion of 
self-reactive T cells but also activate antigen-presenting cells through TLR 
stimulation (see the related article beginning on page 2456). Activated cells 
then secrete IFN-α and TNF-α, which trigger tissue release of chemokines 
that attract self-reactive CD8+ T cells, ultimately leading to liver damage.

Autoimmune diseases result from the prop-
agation of T and B cells that recognize self 
antigens and mediate tissue destruction. 

Normally, self-reactive lymphocytes are 
deleted in central lymphoid organs, the thy-
mus and bone marrow, during development 
(1). In the periphery, multiple safeguards 
exist to further prevent activation of self-
reactive lymphocytes that have eluded cen-
tral elimination (2). Thus, autoimmunity is 
fundamentally due to failure of central and/
or peripheral mechanisms of immunologi-
cal tolerance. Viral infections have long been 
suspected to instigate or overtly precipitate 
autoimmunity (3–5). Viral antigens can trig-
ger autoimmune responses by molecular 

mimicry of self structures. Virus-mediated 
tissue destruction may also generate novel 
tissue-specific antigens to which T cells are 
not tolerant. Moreover, antiviral immune 
responses can trigger the release of cytokines 
that induce bystander activation of autore-
active T cells. In this issue of the JCI, Lang 
et al. demonstrate that viruses can initiate 
autoimmune damage through yet another 
mechanism (6). In a mouse model of hepa-
titis, lymphocytic choriomeningitis virus 
(LCMV) induced IFN-α secretion through 
TLR3. In turn, IFN-α triggered secretion of 
chemokines that attract autoreactive T cells 
into the liver, thereby causing hepatitis.

To model liver-specific expression of a 
self-antigen, Lang et al. (6) used transgenic 
mice that express the LCMV-glycoprotein1–60 

(LCMV-GP) under the control of the mouse 
albumin promoter (Alb-1 mice). The LCMV-
glycoprotein peptide33–41 (gp33) is presented 

Nonstandard abbreviations used: CXCL9, CXC che-
mokine ligand 9; GP, glycoprotein1–60; gp33, LCMV-gly-
coprotein peptide33–41; IFNAR, IFN receptor a; LCMV, 
lymphocytic choriomeningitis virus; PKR, double-
stranded RNA–dependent protein kinase; poly(I:C), 
polyinosinic–polycytidylic acid.
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