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Abstract
Sarcoidosis is a multisystem, granulomatous disease that most often affects the lungs. The clinical
course is highly variable; many patients undergo spontaneous remission, but up to a third of
patients progresses to a chronic disease course. The development of pulmonary fibrosis (PF) in a
subset of patients with chronic disease has a negative impact on morbidity and mortality. While
sarcoidosis-associated PF can be progressive, it is often referred to as “burnt out” disease, a
designation reflecting inactive granulomatous inflammation. The immune mechanisms of
sarcoidosis-associated PF are not well understood. It is not clear if fibrotic processes are active
from the onset of sarcoidosis in predisposed individuals, or whether a profibrotic state develops as
a response to ongoing inflammation. Transforming growth factor β (TGF-β) is an important
profibrotic cytokine, and in sarcoidosis, distinct genotypes of TGF-β have been identified in those
with PF. The overall cytokine profile in sarcoidosis-associated PF has not been well characterized,
although a transition from a T helper 1 to a T helper 2 signature has been proposed. Macrophages
have important regulatory interactions with fibroblasts, and the role of alveolar macrophages in
sarcoidosis-associated PF is a compelling target for further study. Elucidating the natural history
of sarcoidosis-associated PF will inform our understanding of the fundamental derangements, and
will enhance prognostication and the development of therapeutic strategies.

Sarcoidosis is a complex, granulomatous disease of unknown etiology. Many organ systems
can be affected, although lung involvement is most common, occurring in greater than 75%
of all patients. The clinical outcomes in sarcoidosis are highly variable. While more than
half of patients undergo remission with no significant residual morbidity, a subset of patients
develops chronic disease. By convention, chronic sarcoidosis is disease activity lasting at
least 2 years.1 Chronic sarcoidosis is itself a heterogenous category, which subsumes a
variety of types of organ damage, including pulmonary fibrosis (PF). Immunosuppression is
variably effective in controlling disease activity. There is no cure for sarcoidosis, although
lung transplantation can be life saving for those with severe lung involvement.2
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Pulmonary fibrosis occurs in up to 20% of patients with sarcoidosis and is of important
consequence: it is associated with increased morbidity, a higher risk of pulmonary
hypertension, the need for lung transplantation, and increased mortality.3-8 We herein
summarize the evaluation of sarcoidosis-associated PF, and review the immunopathologic
underpinnings as they are currently understood. We highlight the recognized differences
between nonfibrotic and fibrotic pulmonary sarcoidosis, and between idiopathic pulmonary
fibrosis (IPF) and sarcoidosis-associated PF. Microscopic fibrosis, representing a normal
healing response to inflammation, may be evident on sarcoid histology. When small and
stable foci of fibrosis do not result in significant radiographic changes or functional
impairment, they likely do not affect the clinical course of sarcoidosis. For the purpose of
this review, sarcoidosis-associated PF refers to an extensive fibrotic process which results in
clinical impairment.

RADIOGRAPHIC PATTERNS OF SARCOIDOSIS-ASSOCIATED PF
The diagnosis of sarcoidosis-associated PF is established by radiographic imaging.
Historically, Scadding chest x-ray stages, representing patterns of parenchymal and hilar
changes, were widely used to qualify the extent of pulmonary sarcoidosis. Volume loss, lung
and hilar distortion, and/or fibrocystic changes define fibrotic sarcoidosis and Scadding
stage IV. In recent years, high resolution computed tomography (HRCT) has emerged as a
more sensitive modality by which to identify fibrotic changes9,10 Compared with chest x-ray
stages, HRCT findings in sarcoidosis correlate better with pulmonary function and long-
term prognoses.11 However, similar to finding scant fibrosis on histology, small areas of
fibrosis on HRCT may be physiologically incidental, and pathologically distinct from an
extensive fibrotic process. The lack of standardized diagnostic criteria, radiographic or
otherwise, to define clinically relevant pulmonary fibrosis in sarcoidosis has limited our
ability to classify and study this phenotype.

Three HRCT patterns of sarcoidosis-associated PF have been described: bronchial
distortion, diffuse linear, and honeycombing fibrosis (Fig. 1).11 Bronchial distortion is
marked by bronchial dilatation and angulation. A central location may predominate, or the
distribution of bronchial changes may be diffuse. The extent to which bronchial distortion
represents simple traction bronchiectasis versus damage to airway architecture from sarcoid
inflammation is not known. As sarcoid inflammation occurs primarily along lymphatic
channels, which are dense within bronchovascular tracts, bronchial distortion is the most
common HRCT pattern of sarcoidosis-associated PF.11,12 The presence of scattered
peripheral lines, translobular lines, and/or septal reticulation defines the second HRCT
pattern of diffuse linear fibrosis. This pattern is the result of sarcoid inflammation within the
lymphatics that course through interlobular septa. Finally, honeycombing fibrosis defines
the third radiographic pattern of sarcoidosis-associated PF. Honeycomb cysts occur at the
distal airway and alveolar level. This is the least common HRCT pattern, observed in less
than half of patients with sarcoidosis-associated PF. It is worth noting that while one pattern
may predominate in a given patient, many patients have an overlap of fibrotic patterns.11

CLINICAL FINDINGS IN SARCOIDOSIS-ASSOCIATED PF
Consistent with findings in other fibrotic lung conditions, pulmonary function tests in
sarcoidosis-associated PF often reveal restriction. However, given the peribronchial
distribution of lesions in sarcoidosis, obstruction can also be evident, and a mixed pattern of
restriction and obstruction is common.11,13 Radiographic patterns may correlate with
clinical outcomes. Patients with bronchial distortion may suffer from chronic bronchiectasis
symptoms.4 Aspergillus mycetoma can develop within lung cavities and fibrocystic lesions,
and are an important risk factor for hemoptysis, which can be severe. In addition, pre-
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existing mycetoma are associated with worse clinical outcomes in patients who undergo
lung transplantation.14 Rarely, spontaneous pneumothorax complicates the course of
fibrocystic sarcoidosis.4 Diffuse septal reticulation, a form of diffuse linear fibrosis, is
associated with a higher risk of pulmonary hypertension.11 While pulmonary hypertension
in sarcoidosis can be multifactorial, venous obstruction in the setting of extensive septal
fibrosis has been proposed as an important mechanism.15 The development of pulmonary
hypertension portends a particularly grave prognosis in sarcoidosis.14

The extent to which sarcoidosis-associated PF is progressive is not known.6,16 Further, in
those with evident progression, it is not known if the clinical course is one of continuous or
intermittent decline. There is no evidence that treatment in the acute phase of disease
prevents progression to chronic sarcoidosis, or that immunosuppression alters the
development or the course of sarcoidosis-associated PF.17,18 In patients with truly “burnt
out” disease, a reference to the state of granulomatous inflammation, immunosuppression is
unlikely to be of clinical benefit, and in our opinion should be withheld.19 However, while
fibrosis is an irreversible finding, treatment may be beneficial when there is evidence of
associated active inflammation. The presence of nodules and/or masses on thoracic imaging,
in addition to other clinical indices of inflammation, such as elevated C-reactive protein or
angiotensin-converting enzyme levels, can reflect a state of active granulomatous
disease.11,20 It remains possible yet unproven that immunosuppression in those with signs of
both fibrosis and active granulomatous inflammation may alter the long-term disease
trajectory and associated clinical outcomes.

FIBROSIS HISTOPATHOLOGY IN SARCOIDOSIS-ASSOCIATED PF
Fibrosis is the result of fibroblast activation and proliferation, with the subsequent
production and deposition of collagen. In sarcoidosis these events occur as an extension of
granulomatous inflammation. On histopathology, fibrotic changes begin at the periphery of
granulomas and extend centrally (Fig 2).21 The dense collagen matrices and fibroblastic foci
of IPF are rarely observed in sarcoidosis-associated PF. Paralleling the distribution of
granulomatous inflammation, fibrotic changes in sarcoidosis-associated PF are prominent
along bronchovascular bundles and septal lines. Whether fibrosis in sarcoidosis also occurs
distant from sites of granulomatous inflammation is not known. It is also unknown if
persistent granulomatous inflammation is required for progressive fibrosis. Especially late in
the disease course, tissue samples may not always reveal granulomas.22 Of interest, in a
recent report of the histopathology of explanted lungs from 7 patients with end-stage
sarcoidosis, chronic interstitial pneumonitis (CIP), usually an inflammatory feature of early
sarcoidosis, was identified in 4.22 This finding challenges the notion that CIP is limited to
early disease, and that granulomatous inflammation is the sole active inflammatory process
of sarcoidosis-associated PF. Importantly, in those patients with evident CIP, the time course
to progression to end-stage disease was considerably shorter than in those without CIP (4.8
vs 23.3 years); in sarcoidosis-associated PF, there may be a subset of patients with a rapidly
progressive course marked by distinct immunopathologic characteristics.23 More studies are
needed to further define the fibrotic features of sarcoidosis-associated PF, and to establish
the roles of granulomatous and nongranulomatous interstitial inflammation in this
phenotype.

IMMUNOPATHOGENESIS
Sarcoidosis is a complex immune disease: the intensity of the inflammatory reaction varies
among patients, and inflammation often fluctuates over time in a given patient. In addition,
the immunopathogenesis may evolve over the course of disease.24 While much of the
immunopathogenesis of sarcoidosis remains poorly understood, granuloma formation is a
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hallmark event.25 Macrophages and CD4+ T cells are the key effectors of the granulomatous
reaction and associated inflammation. In pulmonary sarcoidosis, alveolar macrophages can
present antigen, and they release cytokines that contribute to the recruitment, activation, and
polarization of CD4+ T cells. The demonstration of the oligoclonal expansion of CD4+ T
cells lends strong support to the hypothesis that sarcoidosis is an antigen driven disease.26,27

To date, no antigen has been definitely identified to mediate sarcoidosis, although
mycobacterial proteins have emerged as an area of great interest.28 At least initially, CD4+
T cells are polarized to a T helper 1 (Th1) phenotype. A Th1 phenotype drives cell-mediated
immune responses, which are marked by the reciprocal recruitment and activation of
macrophages. Sarcoid granulomas result from the organized aggregation of these
macrophages, which can transform into epithelioid and multinucleated giant cell
morphologies. CD4+ T cells, although less abundant than macrophages, are also found
within sarcoid granulomas. Other cells, such as CD8+ T cells, B lymphocytes, and
fibroblasts form a rim around granulomas.12 It is not clear how or if CD8+ T cells contribute
to sarcoid inflammation. B cell activation may occur in sarcoidosis, and in many cases a
nonspecific hyperglobulinemia is observed in active disease; however, a definitive role for
humoral immunity in the pathogenesis is not established.29

Chemokines and cytokines recruit and activate inflammatory cells, and determine the
polarization of CD4+ cells.30 IFN-γ, a Th1 signature cytokine, is thought to be substantially
upregulated in early and active sarcoidosis.31 TNF-α is critical in granulomatous
inflammation, and TNF-α blockade has been investigated as a therapeutic target in severe
disease.32 In addition to IFN-γ and TNF-α, it is likely that a multitude of cytokines is
required for the highly coordinated and complex inflammatory response in sarcoidosis.
Among others, alterations in IL-1, IL-6, IL-12, IL-15, IL-18, MCP-1, RANTES, GM-CSF,
and MIP-1b have been detected in lung samples from patients with pulmonary
sarcoidosis.9,26 The correlation and role of cytokines in specific phenotypes of sarcoidosis
have not been extensively explored, but are of interest: variations in cytokine patterns are a
biologically plausible mechanism of clinical heterogeneity, a remarkable feature of
sarcoidosis.

Much of our understanding of the immunopathogenesis of sarcoidosis derives from findings
in the acute phase of disease. The immune mechanisms of chronic disease have been less
well-studied and are less well-understood. It is not known if chronic disease results from an
inability to clear or contain antigen, from fundamental differences in the underlying
inflammatory response, or from the failure to downregulate inflammation. There is limited
evidence that environmental remediation, as an attempt to alter antigen exposure, is helpful
in sarcoidosis. Whether self antigens play a role in sustained sarcoid inflammation is not
known. In patients with new-onset sarcoidosis, differences in lung lavage granulocyte counts
and TGF-β release have been detected between those who eventually undergo clinical
remission and those who develop a chronic disease course.33,34 These suggest that, among
sarcoidosis patients, there may be important differences in the initial inflammatory reaction
that affect the long-term course. Failure to downregulate inflammation also may be an
important contributor to chronic disease. T-regulatory cells (Tregs) are a subset of
lymphocytes which downregulate inflammation. An amplified pool of Tregs with a
compromised capacity to suppress effector CD4+ T cells has been observed in early, active
sarcoidosis.35 The role of Tregs in chronic disease remains unknown, but is of great interest.
In addition to Treg function, observed mutations in BTNL2 and ANXA11, whose gene
products have anti-inflammatory and immune regulatory properties, support a role of the
failure to downregulate and contain inflammation in chronic sarcoidosis.36-39

Fibrosis develops in a subset of patients with chronic active sarcoidosis. However, and
particularly when it occurs early in the disease course, fibrosis does not necessarily imply
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that inflammation is chronically active. Both chronically active disease and residual fibrotic
damage result in long-term impairment, and fall under the rubric of chronic sarcoidosis. The
distinction between these processes, while not always made explicit, informs the
understanding and treatment of sarcoidosis-associated PF. It is not known whether fibrosis is
triggered early in sarcoidosis by particularly profibrotic inflammatory events or by an
inherent predisposition towards fibrosis in a subset of patients, or whether it evolves as a
wound-healing response to uncontrolled, chronic inflammation. Establishing if fibrosis is
pre-dominantly an early or late-stage disease event, and the relationship between
inflammation and fibrosis are important and will advance our understanding of the
underlying immunopathogenesis. In regards to specifically evaluated mechanisms,
transforming growth factor beta (TGF-β), the cytokine signature, and macrophages have
been explored as candidate abnormalities in sarcoidosis-associated PF. These are explored in
turn below.

TGF-β IN SARCOIDOSIS-ASSOCIATED PF
TGF-β is a multifunctional cell signal, with a role in developmental signaling, tissue
homeostasis, and inflammation attenuation.40,41 In addition, TGF-β has important wound
healing properties, and by extension has been implicated in a variety of fibrotic conditions.
As a cytokine and mitogen, TGF-β signals for fibroblast recruitment, activation,
proliferation, and transformation to a myofibroblast phenotype, and is implicated in collagen
production, epithelial cell apoptosis, and the transformation of epithelial cells to
myofibroblasts. In these ways, TGF-β has a potential master regulator role in repairing
damaged tissue and also in mediating pathologic fibrosis.42,43

There are 3 isoforms of TGF-β in mammals and, in spite of some functional overlap, each
may contribute in different ways to fibrosis.44 In experimental models, increased expression
of TGF-β1 leads to a sharp increase in the deposition of extracellular matrix, and this
isoform is most strongly implicated in pathologic fibrosis.42 A wound healing effect of
TGF-β2 in lung inflammation has been recently reported, although the role of this isoform in
fibrotic lung disease is unknown.45 Finally, while it has been suggested that TGF-β3 serves
as an antifibrotic signal, the cumulative results are conflicting, and the role of TGF-β3 in
fibrosis remains unresolved.9,46,47 There are also several TGF-β receptors, which can utilize
different intracellular signaling pathways.44 Therefore, the particular TGF-β response unit of
the cell, in addition to modulation from other cytokine signal inputs, influence the effect of
TGF-β in a given circumstance.

Despite the role of TGF-β in fibrosis, earlier studies of TGF-β in sarcoidosis demonstrated
an association between increased levels in lung samples and the development of
spontaneous clinical remission. Given this, TGF-β was thought to have possibly an anti-
inflammatory effect early in the course of disease.10,34 There is a dearth of information
about TGF-β protein levels in chronic sarcoidosis, and especially in those with sarcoidosis-
associated PF. However, TGF-β genes have been evaluated in chronic sarcoidosis. In one
study, no association was detected between the TGF-β1 genotype and severe pulmonary
sarcoidosis, although importantly the phenotype of PF was not specifically assessed.43,48 In
contrast to TGF-β1, TGF-β2 and TGF-β3 genes have been shown to be altered in
sarcoidosis-associated PF.9,49 This supports the possibility that intrinsic alterations in TGF-β
may be an important predisposing factor in the development of sarcoidosis-associated PF.
Correlating TGF-β genotypes with protein levels is essential to better understand the
meaning of identified genetic alterations. In addition, studies to correlate TGF-β levels with
clinical phenotypes of sarcoidosis will help clarify the role of this cytokine in promoting
resolution of disease and/or pathologic fibrosis.
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Bone morphogenic proteins (BMPs) belong to the TGF-β superfamily. BMPs stimulate
tissue regeneration after injury, but in contrast to TGF-β are not profibrotic. In fact, BMPs,
particularly BMP-7 and BMP-4, counter TGF-β-mediated fibrotic processes.50 The balance
between TGF-β and BMP signaling may, therefore, be an important determinant of tissue
fibrosis after injury. Inhibitors of BMPs have been identified, and may affect this balance.
Gremlin, encoded by GREM1, is an important BMP inhibitor.51,52 In sarcoidosis, an
association between the GREM1 genotype and the development of sarcoidosis-associated
PF has been reported.53 While functional studies are needed to determine the impact of
GREM1 polymorphisms on gremlin levels, BMP signaling, and pathologic fibrosis, a strong
interest in the role and regulation of BMPs in sarcoidosis-associated PF has been generated.

T HELPER POLARIZATION AND CYTOKINES
While acute sarcoidosis is marked by a Th1 predominate cytokine signature, including the
upregulation of IFN-γ, the signatures in chronic disease, and in sarcoidosis-associated PF in
particular, are not known. IFN-γ is an antifibrotic signal, and resolving the paradox of
fibrosis in IFN-γ mediated sarcoidosis will provide insight into the pathogenesis of
sarcoidosis-associated PF.54 It has been suggested that a transition from a Th1 to a Th2
cytokine signature may occur in chronic sarcoidosis, perhaps as a response to persistent
inflammation.6,27 Th2 cytokines are often implicated in processes of tissue fibrosis.55,56 As
an extension of their role in wound healing, Th2 cytokines can activate and stimulate the
proliferation of fibroblasts, and modify the interactions between macrophages and
fibroblasts. In fibrotic disease models, the magnitude of the Th2 response, rather than the
magnitude of the overall immune response, can be more closely associated with fibrosis
severity.54 Establishing the cytokine signature in sarcoidosis-associated PF will, therefore,
advance our understanding of the role of cytokines in the development of the fibrotic
phenotype.

Several specific Th2 chemokines and cytokines have been identified as potentially
particularly relevant in pulmonary fibrosis. Among them, IL-13 and CCL2 have been
implicated in the pathogenesis of lung fibrosis models, including in IPF.42,57,58 While both
have also been evaluated in sarcoidosis, their role in sarcoidosis-associated PF remains
unclear.59-61 IL-13 can stimulate the release of TGF-β, and may act directly via other
mechanisms to mediate fibrosis.62,63 In 1 study, IL-13 was found to be elevated in sarcoid
lung samples, yet levels were higher in patients without parenchymal disease.64 Importantly,
though, stage IV disease was not included in the subgroup analysis. In addition to profibrotic
effects, IL-13 has anti-inflammatory properties, including suppression of TNF-α release. It
may be that the anti-inflammatory effect of IL-13 has a preventative role for inflammatory
parenchymal damage, but that IL-13 could also contribute to fibrotic responses in those who
develop sarcoidosis-associated PF. To our knowledge, the role of IL-13 in sarcoidosis-
associated PF has not been specifically evaluated. CCL2 promotes fibroblast survival, and
also has been demonstrated to be elevated in sarcoid lung samples.65,66 While levels were
not associated with CXR stage, stage IV disease was again not represented, limiting the
ability to generalize the findings to sarcoidosis-associated PF. Taken together, these findings
suggest that in cytokine studies, as in other studies, phenotyping sarcoidosis is important,
and pulmonary fibrosis should be specifically evaluated. It remains to be determined how
different or more complex cell signaling is in sarcoidosis-associated PF compared with IPF.

MACROPHAGES IN SARCOIDOSIS-ASSOCIATED PF
Macrophages are the architectural basis of sarcoid granulomas, and in many ways play a
central role in sarcoid inflammation. Macrophages are also a target of interest in pathologic
fibrosis, and in sarcoidosis the altered polarization of macrophages may be important in the
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transition from an inflammatory to fibrotic state.67,68 ATh1 cytokine milieu leads to
classical activation of macrophages and the development of a proinflammatory M1
polarization. Alternative activation occurs in the setting of a Th2 cytokine milieu, and favors
development of a wound healing M2 polarization. As pathological fibrosis suggests aberrant
or inappropriate wound healing, M2 macrophages are implicated in the pathogenesis of
fibrosis. Indeed, a M2 polarization of alveolar macrophages has been demonstrated in
fibrotic lung diseases, including in sarcoidosis-associated PF.69

M2 polarized macrophages may contribute to fibrosis in various ways. Perhaps most
significantly, they are potent producers of TGF-β.70 In addition to TGF-β, they also produce
other cell signals which stimulate fibroblasts. Among these, CCL18 has been directly
implicated in fibrosis.68 While the receptor for CCL18 is unknown, and the downstream
signaling events have yet to be fully elucidated, CCL18 production is associated with
fibroblast stimulation and augmented collagen production.68,71 In sarcoidosis, increased
CCL18 was associated with sarcoidosis-associated PF but not with other phenotypes of
pulmonary disease.69,71 While the role of CCL18 merits further study, the finding thus far of
a phenotype-restricted increase in CCL18 supports a M2 polarization of macrophages in
sarcoidosis-associated PF, and suggests a pathogenic role of these macrophages in the
fibrotic response.

Arginine utilization is another biologically plausible mechanism by which M2 polarized
macrophages can contribute to fibrosis.72 M1 polarized macrophages preferentially produce
inducible nitric oxide synthase, which metabolizes arginine to nitric oxide. In addition to
being an important modifier of vascular function, nitric oxide is proinflammatory.73,74 In
contrast, M2 polarized macrophages preferentially express Arg1, which results in increased
arginase. Arginase metabolizes arginine to ornithine, a precursor to the collagen substrate
proline.54,64,75 In this way, through the selective utilization of arginine pathways, the
polarization of macrophages influences their capacity to either promote inflammation or to
produce the building blocks of fibrosis. In animal models, a Th2 cytokine signature, thought
to promote M2 polarization, has been shown to correlate with expression of Arg1 and with
the development of fibrosis.76 Further studies of macrophage polarization and arginine
pathways in human fibrosis samples are indicated. However, the findings of a M2
polarization in fibrotic lung conditions, including sarcoidosis-associated PF, raise the
possibility that elaboration of arginase has a pathogenic role in the fibrotic response.

M1 and M2 polarizations are not necessarily terminally differentiated states, and activated
macrophages may modify their phenotype in response to changes in the cytokine
milieu.77,78 Furthermore, the dichotomy of M1 and M2 may be too simplistic; likely, an
array of macrophage phenotypes exists, with graduated tendencies towards inflammation or
wound healing and fibrosis. Nevertheless, further study of alveolar macrophage polarization
and function in sarcoidosis-associated PF should be revealing, as it has been in the study of
other fibrotic diseases. In addition to the finding of a M2 polarization of alveolar
macrophages in sarcoidosis-associated PF, a M2 polarization has also been demonstrated in
fibrotic muscular sarcoidosis.79 We recognize that not all studies have demonstrated an
altered macrophage polarization in sarcoidosis, particularly when the phenotype of
pulmonary fibrosis is excluded from subgroup analyses.80 As the clinical heterogeneity of
sarcoidosis is remarkable, studying patients collectively may obscure the detection of signals
important for specific phenotypes, such as sarcoidosis-associated PF. As this work
continues, it remains to be determined if M2 macrophages in sarcoidosis-associated PF
enhance fibrotic events, or if they are the incidental result of other primary processes which
drive fibrosis.
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GENE EXPRESSION IN SARCOIDOSIS-ASSOCIATED PF
In a landmark study of expression profiling in sarcoidosis, the profiles in lung samples from
patients with active yet non-fibrotic disease, and in samples from those with active
progressive disease and mild pulmonary fibrosis were distinct.16 Much of the difference in
gene expression between these groups could be attributed to an upregulation of
inflammation genes in the fibrotic group, with only minimal activation of these genes in the
nonfibrotic group. Importantly, disease activity was higher in the cohort with fibrosis;
controlling for disease activity in future studies will be important to more definitively
implicate active inflammation in fibrosis. In addition, fibrosis was mild as subjects had
essentially normal pulmonary function; it remains to be determined if these subjects develop
extensive, clinically relevant fibrosis. However, the finding that an inflammatory signature
is associated with the development of sarcoidosis-associated PF, at least in active disease,
has important therapeutic implications.

In another study of gene expression in sarcoidosis, profiles in blood and lung samples were
compared.81 Using lung samples and the phenotype categories from the Lockstone study,
expression profiles in phenotyped lung samples were compared with nonphenotyped
sarcoidosis blood samples from different patients. In those with active progressive disease
and mild fibrosis, there was an overlap in the expression profiles of lung and blood
compartments. This suggests that the circulating immune system holds promise as an
investigative site in sarcoidosis-associated PF. In this same study, in a cohort of patients
with nonphenotyped sarcoidosis, expression profiles in lung and blood samples from the
same patients were directly compared. In this combined phenotype analysis, therewas a
remarkable correlation between lung and blood expression profiles. This finding again
challenges the notion of a strict compartmentalization of inflammation in sarcoidosis.
Correlating expression profiles between lung and blood samples from the same patients with
extensive fibrosis will further establish the utility of circulating gene expression in
sarcoidosis-associated PF.

PULMONARY FIBROSIS IN SARCOIDOSIS AND IPF
Idiopathic pulmonary fibrosis is the prototypical fibrotic lung disease. Findings in studies of
IPF have been a catalyst and a reference point for studies of other fibrotic lung conditions,
including sarcoidosis-associated PF. However, there are important differences in the clinical
and immunologic features that suggest that the disease model in IPF may not be entirely
generalizable to sarcoidosis-associated PF.

The patient demographics, radiographic features, and long-term outcomes of IPF and
sarcoidosis-associated PF clinically distinguish these diseases. While IPF is more common
in elderly, Caucasian men, most patients with sarcoidosis-associated PF in the United States
are middle aged, and African Americans and females are disproportionally affected.82-84 In
contrast to the peripheral and lower lobe distribution of honeycombing fibrosis in IPF,
sarcoidosis-associated PF is marked by upper lobe involvement and a predominance of
nonhoneycombing fibrosis. When chronic obstructive pulmonary disease is not a coexisting
disease, obstruction onpulmonary function testing is rare in IPF. In contrast, obstruction is
relatively common in patients with sarcoidosis-associated PF. Finally, the clinical courses
are distinct for these 2 conditions. Idiopathic pulmonary fibrosis typically progresses
quickly, with most patients succumbing to disease within 5 years of diagnosis, whereas
sarcoidosis-associated PF is often a chronic disease with a lower mortality rate.17

Animal models, while lacking in sarcoidosis, have been invaluable in the study of IPF.
Therefore, the mechanisms of IPF have been more extensively explored than those of
sarcoidosis-associated PF. Awidely accepted hypothesis of IPF centers around repetitive
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epithelial damage with abnormal wound healing responses.85,86 Whether epithelial damage
results from inflammatory or noninflammatory microinjuries remains an active area of
debate.87 Abnormal or dysregulated wound healing events in IPF include the recruitment of
mesenchymal cells, fibroblasts, and macrophages, resulting in matrix deposition and
parenchymal damage. In contrast, it is not clear that epithelial damage with abnormal wound
healing contributes to the pathogenesis of sarcoidosis-associated PF. Cytokines, growth
factors, and proteases are all thought to contribute in important ways to fibrosis and tissue
damage in IPF; evaluating these factors in sarcoidosis-associated PF will advance our
understanding of their role, if any, in this disease as well. Additionally, altered prostaglandin
homeostasis has been implicated in IPF.88,89 Prostaglandins can have antifibrotic effects,
and prostaglandin (PG)E2 in particular has been identified as an important factor in
mitigating fibrotic damage.90 Levels of PGE2 have been shown to be substantially
diminished in IPF, and the role of PGE2 in sarcoidosis-associated PF is of growing
interest.91 Prostaglandin-endoperoxide synthase 2 is a key regulatory enzyme in the
synthesis of PGE2. An altered polymorphism in the promoter region of this gene was
identified in a cohort of patients with progressive sarcoidosis, which included patients with
fibrotic disease.92 This identifies an important area for further study. Finally, while the
levels of Tregs in both blood and lung samples have been shown to be decreased in IPF, the
role of Tregs in sarcoidosis-associated PF is not known.93

The number of studies directly comparing IPF and sarcoidosis-associated PF is limited.
However, gene expression profiles in these diseases were recently compared.16 Remarkably,
there was no enrichment of the IPF gene set in those with mild sarcoidosis-associated PF.
While there are likely shared features of disease, the results of this study strongly suggest
that there are also important differences between the mechanisms of lung fibrosis in
sarcoidosis-associated PF and IPF. Ongoing work to define and compare the genetic
signature in these diseases should further delineate the differences and similarities of their
fibrotic pathways.

CONCLUSIONS
Pulmonary fibrosis is an important yet poorly defined and understudied phenotype of
sarcoidosis. Sarcoidosis-associated PF often leads to substantial morbidity and can be fatal.
However, the clinical features, long-term complications, and fibrosis patterns can vary
tremendously among patients. The extent to which the underlying pathophysiology is also
variable among patients with this phenotype is not known. Updated diagnostic criteria are
needed. Historically, sarcoidosis-associated PF has been diagnosed by Scadding stage IV
findings on chest x-ray. However, HRCT imaging, which is now commonly employed, is
more sensitive for fibrotic changes. It will be important to qualify ways of distinguishing
small, incidental areas of fibrosis from extensive fibrosis. The latter is more likely to be
physiologically and, therefore, clinically relevant. Systemic corticosteroids are associated
with substantial side effects and have not been demonstrated to be beneficial in sarcoidosis-
associated PF. We suggest that treatment in sarcoidosis-associated PF be driven by clinical
suggestion of active inflammation. Sarcoidosis-associated PF is, by nature of the
irreversibility of fibrotic damage, a chronic condition. Distinguishing between active
granulomatous activity and residual fibrosis is an important, albeit potentially challenging
part of the clinical care of patients with sarcoidosis-associated PF.

Recent results from studies of gene expression suggest that sarcoidosis-associated PF
develops in the setting of inflammation. However, it is not known how inflammation in
fibrotic sarcoidosis compares with inflammation in nonfibrotic sarcoidosis. In this regard,
cytokine patterns are of particular interest. We have highlighted recent findings of
alterations in the genes for TGF-β and GREM1 in sarcoidosis-associated PF. Follow-up
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studies to correlate TGF-β gentoypes with TGF-β protein levels and clinical phenotypes will
be informative. Th2 cytokines, which influence TGF-β production and macrophage
polarization, may also be important cell signals in sarcoidosis-associated PF. Defining the T
helper cytokine signature will therefore advance our understanding of the mechanisms of
fibrotic sarcoidosis. The M2 polarization of macrophages is thought to be important in lung
fibrosis, and accumulating data suggest that macrophages may be skewed towards this
polarization in sarcoidosis-associated PF. This, in our opinion, is a particularly compelling
avenue for further investigation.

Establishing the natural history of sarcoidosis-associated PF is important. It remains to be
determined if sarcoidosis-associated PF is a predisposed phenotype that begins early in the
disease course, or whether it develops as a response to unrestrained or unremitting
inflammation. It also remains to be determined if sarcoidosis-associated PF, once initiated,
can progress independently from active granulomatous inflammation. Finally, the extent to
which the immunopathologies of other fibrotic lung diseases overlap with that of
sarcoidosis-associated PF is not known. However, the clinical and immunologic features of
IPF and sarcoidosis-associated PF strongly suggest that at least some distinct mechanisms
underlie these diseases.

Abbreviations

ANXA11 annexin A11

Arg1 arginase 1

BTNL2 butyrophilin-like protein 2

BMPs bone morphogenic proteins

CIP chronic interstitial pneumonitis

CXR chest x-ray

GM-CSF granulocyte-macrophage colony-stimulating factor

GREM1 gremlin 1

HRCT high resolution computed tomography

IFN-γ interferon gamma

IPF idiopathic pulmonary fibrosis

M1 classically activated macrophage

M2 macrophage alternatively activated macrophage

MCP-1 monocyte chemotactic protein-1

MIP-1b macrophage-inflammatory protein-1b

PF pulmonary fibrosis

PGE2 prostaglandin E2

RANTES regulated on activation, normal T cell expressed and secreted

TGF-β transforming growth factor-b

Th1 T helper 1

Th2 T helper 2

Tregs T regulatory cells
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Fig 1.
CT images demonstrate various patterns of pulmonary fibrosis in sarcoidosis. A,
Honeycombing fibrosis, marked by innumerable cysts in both lungs. B, Diffuse linear
fibrosis pattern, marked by residual areas of septal thickening. C, Bronchial distortion,
marked by bronchial dilation and angulation.
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Fig 2.
Transbronchial biopsy demonstrates multiple well-formed, non-necrotizing granulomas
(long arrows) surrounded by an early fibrotic response marked by collagen deposition
around fibroblasts (arrow heads). Mild interstitial inflammation is evident in the surrounding
alveolar tissue. (Color version of figure is available online.)
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