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New data support the importance of the innate immune response in the resolution or progression of pulmonary fibrosis.
The presence of CXC chemokine receptor 3–expressing cells, specifically pulmonary NK cells, is necessary to produce
IFN-γ. This is critical in the polarization of the immune response to injury toward a favorable Th1 response and resolution.
In contrast, a Th2 response is associated with progressive fibrosis.
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activity in adipose tissue. The studies 
cannot resolve whether human PPARG 
mutations in FPLD3 might act in a domi-
nant negative manner to interfere with 
function of the normal allele product 
or whether haploinsufficiency of PPARγ 
activity is more important. Interestingly, 
simple haploinsufficiency of PPARγ activ-
ity in mice by removal of one Pparg allele 
actually protects against insulin resistance 
(15), supporting the idea that missense 
mutations have distinct effects compared 
with simple reduction in PPARγ. In any 
event, the findings of Tsai et al. reinforce 
the importance of PPARγ in adipogen-
esis (4), highlight the role of adipose tis-
sue as an endocrine organ (16), and also 
support the idea that PPARG mutations 
affect metabolic and vascular phenotypes 
through multiple mechanisms, some of 
which are distinct from effects on adipose 
tissue mass or distribution.
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New data support the importance of the innate immune response in the 
resolution or progression of pulmonary fibrosis. The presence of CXC 
chemokine receptor 3–expressing cells, specifically pulmonary NK cells, is 
necessary to produce IFN-γ. This is critical in the polarization of the immune 
response to injury toward a favorable Th1 response and resolution. In con-
trast, a Th2 response is associated with progressive fibrosis (see the related 
article beginning on page 291).

Pulmonary fibrosis is a host response to a 
variety of known and idiopathic processes 
and is clinically characterized by insidious 
onset of dyspnea and abnormal lung func-

tion. The pathology of pulmonary fibrosis 
demonstrates features of dysregulated and 
abnormal repair with exaggerated vascular 
remodeling, fibroproliferation, and depo-
sition of extracellular matrix, all leading to 
progressive fibrosis and loss of lung func-
tion. However, the most devastating form 
is idiopathic pulmonary fibrosis (IPF). IPF 
is a chronic and often fatal pulmonary 
disorder with a mortality rate as high as 
70% five years after diagnosis (1, 2). The 
prevalence of IPF increases with age (2, 
3). There has been an increase in the inci-

dence of this disorder over the last 10–15 
years in many Western countries, includ-
ing the United Kingdom, New Zealand, 
and Germany (3). The inability of current 
immunosuppressive therapies to alter the 
prognosis of this disorder has renewed sci-
entific interest in multiple areas and has 
raised additional questions as follows: (a) 
why are certain individuals susceptible to 
this disease? do genetic, environmental, or 
a combination of these factors contribute 
to the pathogenesis of this disorder? (b) 
why is the host response to injury to the 
alveolar capillary wall in susceptible indi-
viduals predominated by fibrosis and loss 
of alveolar architecture instead of resolu-
tion? and (c) what are the initial events 
within the host in response to injury that 
ultimately set the stage for polarization of 
the response toward either resolution or 
perpetuation of fibrosis?
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Innate immunity and control  
of pulmonary fibrosis
To begin to address the latter question, 
in this issue of the JCI, Jiang and associ-
ates report that CXC chemokine receptor 
3 (CXCR3) is important in the regulation 
of pulmonary fibrosis (4). The results of 
this study shed new light on the impor-
tance of the initial innate host-immune 
response to injury, which ultimately 
sets the stage for polarizing the injuri-
ous response toward either resolution or 
progressive pulmonary fibrosis. By using 
CXCR3-deficient mice as compared to 
wild-type mice exposed to the pulmonary 
fibrosing agent bleomycin they were able 
to demonstrate that CXCR3-deficient 
mice exhibited progressive interstitial 
fibrosis without an increase in inflamma-
tory cell recruitment. In fact, they found a 
selective defect in the recruitment of CD8+ 

lymphocytes and NK cells into the lungs 
of CXCR3-deficient mice in response to 
bleomycin. Moreover, they found a pre-
viously unrecognized, profound defect 
in the number of pulmonary NK cells at 
baseline in CXCR3-deficient mice.

The defect in the presence of CD8+ T cells 
and NK cells in response to bleomycin-
induced lung injury in CXCR3-deficient 
mice was associated with a marked reduc-
tion in both the early (within 24 hours) 
burst of IFN-γ and the subsequent expres-
sion of the CXCR3 ligand CXCL10 in the 
bronchoalveolar lavage (BAL) (4). To spe-
cifically demonstrate that the reduction 
in the early expression of IFN-γ played 
a pivotal role in mediating progressive 
interstitial fibrosis in CXCR3-deficient 
mice, the investigators performed three 
elegant studies. First, they demonstrated 
that reconstitution of CXCR3-deficient 

mice with exogenous IFN-γ for the first 
48 hours after bleomycin exposure result-
ed in markedly attenuated pulmonary 
fibrosis. Second, they demonstrated that 
administration of neutralizing anti–IFN-γ  
antibody prior to exposure to bleomycin 
significantly increased pulmonary fibro-
sis in wild-type mice. Finally, they used 
adoptive transfer of CXCR3-expressing 
mononuclear cells from wild-type mice to 
restore endogenous IFN-γ in CXCR3-defi-
cient mice and found reduced pulmonary 
fibrosis in response to bleomycin. Taken 
together, these data support the notion 
that the presence of CXCR3-expressing 
cells, specifically pulmonary NK cells, 
is both necessary and sufficient to pro-
duce IFN-γ, which is ultimately critical in 
polarizing the immune response to injury 
towards resolution rather than progres-
sive fibrosis.

Figure 1
Polarization of the inflammatory response in pulmonary fibrosis. (A) Polarization of the immune response to injury is critical in dictating the 
ultimate response to that injury. (B) A type 1 response (i.e., cell-mediated immunity) leads to resolution. (C) In contrast, a type 2 response (i.e., 
humoral-mediated immunity) is associated with progressive fibrosis. CCL1, CC chemokine ligand 1; CXCL9, CXC chemokine ligand 9.
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Clinical implications  
and future directions
How do the findings for CXCR3-defi-
cient mice and the importance of IFN-γ 
translate to the study of human pulmo-
nary fibrosis and the pathogenesis of IPF? 
The histopathology of IPF is classified as 
usual interstitial pneumonia (UIP) (5–7). 
UIP consists of a temporal heterogeneity 
of lung tissue; areas of normal lung tissue 
are present in addition to fibroblastic foci 
resulting from recent active fibrosis and 
honeycomb cysts resulting from older 
fibrotic lesions. This description suggests 
that areas of the lung have been subjected 
to injury at different times, resulting in 
both new organizing fibrosis and estab-
lished fibrotic areas of the lung within the 
same low-power microscopic view. This 
histopathological pattern suggests that 
the host is responding to multiple hits, 
resulting in a predominance of fibrosis 
and loss of lung architecture. However, 
neither the initial injurious event nor the 
mechanisms responsible for the perpetua-
tion of fibrosis are known. If the multiple 
hits over time in IPF are related to persis-
tence or reexposure to specific antigens 
(i.e., environmental toxins, microbes, or 
self antigens) in the lungs of susceptible 
individuals, then failure to mount an 
appropriate type 1 cytokine response (i.e., 
IFN-γ; Th1) will lead to inability to eradi-
cate the antigen. This situation will shift 
the polarization of the innate-adaptive 
immune response from type 1 (i.e., cell-
mediated immunity) toward type 2 (i.e., 
humoral-mediated immunity) with the 
added component of exuberant fibrosis 
in an attempt to contain the antigen.

Is there any evidence to support the 
contention that there is a type 2 immune 
response to specific antigens in patients 
with IPF? Recent microarray analysis of 
genes in IPF lung tissue has demonstrat-
ed that specific genes that are clustered 
in the following functional categories 
are substantially upregulated: smooth 
muscle markers; extracellular matrix 
proteins, growth factors, and proteases; 
cytokines, chemokines, and antioxidants; 
complement, amyloid, and immunoglob-
ulins (8). The expression of genes encod-
ing immunoglobulins and extracellular 
matrix proteins supports the potential 
contention that there is a host response 
to an antigen or antigens with polariza-
tion toward a type 2 response. In further 
support of this notion is the recent mul-
ticenter study that demonstrated marked 

mediastinal lymphadenopathy in patients 
with a pathological diagnosis of IPF (9). 
Taken together, despite the current belief 
that IPF is not an immunologically driven 
disorder, the above data support the con-
tention that there is a predominant type 2,  
antigen-driven immune response with 
upregulated profibrotic genes, expression 
of immunoglobulin genes, and evidence 
of lymphoproliferation in response to a 
potential unknown antigen.

What are the potential mechanisms 
by which a CXCR3/CXCR3-dependent–
IFN-γ biological axis may be beneficial in 
patients with IPF? CXCR3 is expressed on 
Th1 and NK cells (10–13). CXCR3 ligands, 
such as CXCL9, CXCL10, and CXCL11, 
are critical for trafficking of CXCR3-
expressing cells under conditions of type 1  
cytokine-mediated immune responses 
(10–13). Therefore, CXCR3/CXCR3 
ligands will predominantly recruit Th1 
cells to the local microenvironment 
and lead to further amplification of the 
expression of endogenous IFN-γ. IFN-γ is 
the most pivotal type 1 cytokine and it has 
the known ability to promote both type 1,  
cell-mediated immunity and concomitant 
attenuation of fibrosis (14). A recent mul-
ticenter study of IPF patients treated with 
IFN-γ failed to demonstrate a change in 
clinical parameters for the progression 
of disease (15). However, in subgroup 
analysis of IPF patients with pulmonary 
function findings of forced vital capacity 
greater than or equal to 55% and diffus-
ing capacity for carbon monoxide greater 
than or equal to 35% of predicted, there 
was evidence for a significant survival 
advantage in patients treated with IFN-γ  
(15). Moreover, a recent multicenter 
trial of IPF patients treated with IFN-γ  
demonstrated changes in expression of 
biomarkers of fibrosis, angiogenesis, 
proliferation, immunomodulation, and 
antimicrobial activity, which supports 
the notion that IFN-γ may affect IPF 
through multiple pathways (16). In con-
trast to previous reports suggesting that 
IPF patients are deficient in IFN-γ (17), 
the multicenter biomarker study of IPF 
patients treated with IFN-γ demonstrat-
ed that at baseline the majority of IPF 
patients had measurable levels of IFN-γ 
mRNA in their lungs (16). The unex-
pected finding of this study was that IPF 
patients treated with IFN-γ demonstrated 
induction of only one of the three CXCR3 
ligands: CXCL11, not CXCL9 or CXCL10. 
This suggests that the potential defect in 

IPF may not be directly related to IFN-γ, 
but rather related to the failure to fully 
mount an appropriate CXCR3/CXCR3 
ligand response to injury.
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models. Although the specific etiology is 
still unclear, aneurysms are probably initiat-
ed by aortic wall injury coupled with a series 
of epidemiological risk factors. Recruitment 
of leukocytes into the aortic media appears 
to be an early and pivotal event, likely pro-
moted by chemokines (2) and elastin degra-
dation peptides (3). Mononuclear phagocyte 
infiltration is associated with production of 
proinflammatory cytokines (4), prostaglan-
din derivatives (5), and reactive oxygen spe-
cies (6) as part of an innate inflammatory 
response. These macrophages are the prin-
ciple source of MMPs (7), which can also be 
secreted by neutrophils, lymphocytes, and 
resident mesenchymal cells. Gelatinase B 
(MMP-9) has been extensively studied in 
human AAAs (8), but many other MMPs 
and endogenous tissue inhibitors of metal-
loproteinases (known as TIMPs) have also 
been described. Animal models of aortic 
aneurysm confirm that MMPs produced by 
chronic inflammatory cells are mediators 
of elastin and collagen degradation (9–11); 
moreover, the suppression of experimental 
aneurysms by MMP inhibitors has led to a 
promising therapeutic strategy (12). Other 
enzymes expressed in atherosclerosis and 
AAAs, particularly plasminogen activators 
and cathepsins, may also contribute to 
matrix proteolysis.

Degradation of elastin and interstitial 
collagen initiates aortic dilatation and tor-
tuosity, with changes in aortic wall geom-
etry increasing cyclic strain and wall ten-
sion over a period of years. At later stages of 
disease, disorganized interstitial collagen is 
deposited within the media and adventitia, 
and collagen degradation becomes more 
prominent, further weakening the aortic 
wall. Although medial smooth muscle cells 
(SMCs) might otherwise promote structur-
al repair in the damaged aorta, apoptosis 
and cellular senescence cause depletion of 
this cell population (13, 14).

Adaptive immunity  
in aortic aneurysms
In addition to macrophages, human AAAs 
demonstrate large numbers of T cells, 
B lymphocytes, plasma cells, and DCs 
within the outer media and adventitia 
(15, 16). AAA tissues also contain large 
amounts of immunoglobulin protein, and 
IgG extracted from human AAAs exhibits 
immunoreactivity with aortic wall matrix 
proteins (17). This suggests that a humor-
al (auto)immune response is a frequent 
occurrence in AAAs. Recent work has led to 
identification of several putative antigens 
that may be novel extracellular matrix pro-
teins associated with large arteries (18).

The specificity of the immune response 
in AAAs is still unclear, as B lymphocytes 
derived from AAAs exhibit an unrestrict-
ed repertoire of immunoglobulin heavy 
chain genes (19), and T cell receptor 
diversity reflects a polyclonal response 
(20). In a recent and comprehensive 
analysis, Ocana et al. (21) demonstrated 
that aneurysm-infiltrating lymphocytes 
consist of activated memory cells express-

Abdominal aortic aneurysms are common and life threatening. Although 
CD4+ T cells are abundant in aneurysm tissue, their role in disease pro-
gression remains unclear. A new study (see the related article beginning 
on page 300) shows that mouse aortic allografts placed in animals lack-
ing IFN-γ receptors develop a Th2 inflammatory response with aortic 
aneurysms, whereas Th1 responses promote intimal hyperplasia. It is 
expected that these surprising findings will stimulate further efforts to 
clarify whether adaptive cellular immunity in aneurysm disease is detri-
mental or potentially beneficial.

The propensity of abdominal aortic aneu-
rysms (AAAs) to rupture is their most 
important clinical feature, a consequence 
of increased hemodynamic stresses placed 
on the dilated wall, diminished tensile 
strength within the outer media and adven-
titia, and dynamic factors influencing the 
balance between matrix metabolism and 
repair. Surgical repair of AAAs greater than 
5.5 cm in diameter is effective treatment, 
but repair of smaller aneurysms offers no 
survival advantage. Effective nonsurgical 
treatments to prevent aneurysm expansion 
would therefore be an enticing prospect for 
patients with small AAAs (1).

Pathophysiology of AAAs
Figure 1 presents a summary of pathophys-
iological events currently thought to con-
tribute to aneurysmal degeneration, based 
on studies of human end-stage AAA tissues 
and several different experimental animal 
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aneurysm (AAA); IFN-γ receptor deficient (GRKO); 
smooth muscle cell (SMC); tissue inhibitor of  
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