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We have characterized the immune system involvement in the disease processes of idiopathic pulmonary

fibrosis in novel ways. To do so, we analyzed lung tissue from 21 cases of idiopathic pulmonary fibrosis and 21

(non-fibrotic, non-cancerous) controls for immune cell and inflammation-related markers. The immunohisto-

chemical analysis of the tissue was grouped by patterns of severity in disease pathology. There were

significantly greater numbers of CD68þ and CD80þ cells and significantly fewer CD3þ , CD4þ , and CD45ROþ

cells in areas of relatively (histologically) normal lung in biopsy samples from idiopathic pulmonary fibrosis

patients compared with controls. In zones of active disease, characterized by epithelial cell regeneration and

fibrosis, there were significantly more cells expressing CD4, CD8, CD20, CD68, CD80, chemokine receptor 6

(CCR6), S100, IL-17, tumor necrosis factor-a, and retinoic acid-related orphan receptors compared with

histologically normal lung areas from idiopathic pulmonary fibrosis patients. Inflammation was implicated in

these active regions by the cells that expressed retinoid orphan receptor-a, -b, and -c, CCR6, and IL-17. The

regenerating epithelial cells predominantly expressed these pro-inflammatory molecules, as evidenced by

co-expression analyses with epithelial cytokeratins. Macrophages in pseudo-alveoli and CD3þ T cells in the

fibrotic interstitium also expressed IL-17. Co-expression of IL-17 with retinoid orphan receptors and epithelial

cytoskeletal proteins, CD68, and CD3 in epithelial cells, macrophages, and T-cells, respectively, confirmed the

production of IL-17 by these cell types. There was little staining for forkhead box p3, CD56, or CD34 in any

idiopathic pulmonary fibrosis lung regions. The fibrotic regions had fewer immune cells overall. In summary,

our study shows participation of innate and adaptive mononuclear cells in active-disease regions of idiopathic

pulmonary fibrosis lung, where the regenerating epithelial cells appear to propagate inflammation. The

regenerative mechanisms become skewed to ultimately result in lethal, fibrotic restriction of lung function.
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Idiopathic pulmonary fibrosis is an incurable lung
disease, with a variable clinical course that even-

tually leads to death.1,2 This disease involves lung
parenchyma injury that is defined histologically but
not epidemiologically.3 Idiopathic pulmonary fibro-
sis is temporally heterogeneous, with regions of lung
injury and fibrosis interspersed with normal appear-
ing lung.4,5 The prognosis for patients remains grave
and there are no effective treatments. There are
many controversies regarding the disease, including
the role of inflammation,6 the causative agent(s) of
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the sporadic injury,7–9 and the defective regenera-
tion processes that lead to fibrosis.10 We have
examined inflammatory pathways at the cellular
level in this study, extending the evidence for the
role of the highly inflammatory cytokine, IL-17.

Some insights into understanding the course
of pulmonary fibrosis have come from animal
models of bleomycin-mediated lung injury, reveal-
ing participation of inflammatory mediators,11

hematopoietic progenitors,12,13 and chemokines
that attract cells into the sites of injury.14 Studies
in human idiopathic pulmonary fibrosis indicate
a role for circulating progenitor cells, called fibro-
cytes.15–17 However, the source of the fibroblasts
that mediate the interstitial deposition of collagen,
formation of the fibroblastic foci and the ‘fibro-
blastic reticula’,18 characteristic of usual intersti-
tial pneumonia, is a controversial issue.19 It may
be that both progenitor recruitment (fibrocytes) and
epithelial–mesenchymal transition20 occur in pul-
monary fibrosis; definitive evidence remains to be
presented.

The purpose of the current study was to analyze
in situ the histologically normal, active, and fibrotic
regions of idiopathic pulmonary fibrosis lung to
characterize the inflammatory cells and mediators
present,21–24 and to provide a novel description of
the cellular cytokine production associated with
the disease processes. We examined tissue from
control lungs and lungs from cases of idiopathic
pulmonary fibrosis for the presence and co-expres-
sion of intra- and extracellular markers, pro-inflam-
matory cytokines and a pleiotropic family of
molecules (S100) functioning inside and outside
of cells. Our studies reveal disease region-specific
expression patterns of inflammatory mediators,
particularly in regenerating epithelial cells, which
have not been previously described in human
idiopathic pulmonary fibrosis.

Materials and methods

Patient Selection

Lung tissue specimens from patients with idiopathic
pulmonary fibrosis were available from the consult
files of GJ Nuovo or the surgical pathology files
at the Ohio State University Medical Center. Tissue
specimens were selected from patients without
diagnosed autoimmune comorbidity. Procurement
of the tissue was done according to the guidelines
of the approved protocol (Internal Review Board
number-2002H0089). All tissues were formalin fixed
and paraffin embedded. For controls, we studied
an equal number of similarly sized pieces of lung
biopsy specimens (which ranged from 1.0 to 2.0 cm
in maximum diameter) with histologically un-
remarkable lung. The control specimens were
obtained from patients with suspected emphysema,
but not cancer or pulmonary fibrosis. Recuts of
the original tissue stained with hematoxylin and

eosin were reviewed by a board-certified anatomic
pathologist with expertise in lung pathology (GJN)
to verify the original histological diagnosis.

The patient demographics consisted of 21 idio-
pathic pulmonary fibrosis patients, including 8 men
with a mean age of 61±10 (±s.d.) years, 2 women
with a mean age of 62 years, and 11 patients of
unknown age and gender (de-identified idio-
pathic pulmonary fibrosis lung tissue provided
by Dr Moises Selman). The 21 controls included
13 males with a mean age of 68±7 years, 7 females
with a mean age of 66±11 years, and one person of
de-identified age and gender.

Histological Variables

The histological features of the lungs from patients
with idiopathic pulmonary fibrosis were divided
into three categories based upon the pathological
severity, all with the diagnosis of usual interstitial
pneumonia. These were normal histological find-
ings (idiopathic pulmonary fibrosis—normal lung
area), defined as lung tissue that at � 200 could
not be differentiated from the lung tissue of
the controls; lung with alveolar damage, defined
as loose myxomatous-like interstitial fibrosis
associated with the presence of either persistent
alveolar-lining epithelia or regenerating respiratory
epithelial cells (idiopathic pulmonary fibrosis—
epithelial dominant), frequently accompanied by
inter-alveolar fibroblast foci; and a fibrosis-only
stage (idiopathic pulmonary fibrosis—stromal domi-
nant), defined as the presence of variable numbers
of small blood vessels and dense fibrous tissue.
Regenerating epithelial cells were lacking at this last
stage, although entrapped pseudoalveolar spaces
were common. In the latter two stages, scattered
stromal inflammatory cells and either subpleural or
perivascular large lymphocytic infiltrates (typically
from 100 to 41000 cells) were commonly seen. It
should be noted that these categories represent a
continuing spectrum of disease severity, and all of
the signature histological regions of usual interstitial
pneumonia can be found in lung tissue from an
idiopathic pulmonary fibrosis patient, defining the
concept of temporal heterogeneity.

Immunohistochemistry

The immunohistochemistry testing was done as
previously described.25 Formalin-fixed, paraffin-
embedded tonsil tissues with chronic tonsillitis
were used to optimize each antibody. In brief, the
optimization protocol included testing serial sec-
tions with no pretreatment, protease 1 (Ventana
Medical Systems) digestion for 4min, or cell con-
ditioning one (CC1) solution (antigen retrieval) at
95 1C for 30min or, when necessary, 60min (CC1 30
and CC1 60) at two different primary antibody
concentrations.26 Sections were then scored for
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signal and background to determine the optimal
conditions. The use of tonsils as the positive control
tissue provided another layer of specificity to the
analyses, as the expected histological distribution of
the immunophenotypic markers probed for in this
study has been, in most cases, well characterized in
tonsils.

Primary Antibodies and Detection System

The primary antibodies used in this study with their
optimal condition are listed in Table 1. Antibodies
that were used without dilution are described as
ready to use. As previously reported,25 the Ultraview
Universal Fast Red (Fast Red) and diaminobenzidine

Table 1 Antibodies to immunophenotypic markers used

Antibody name
(anti�)

Description Source Dilution Tissue
pretreatment

CCR6 Chemokine receptor 6; ligands are CCL20 (MIP-3a or LARC) and
human b-defensin-2.50 Expressed on memory T cells,
B cells and dendritic cells;32 highly expressed on Th-17s33

Abcam 1:200 CC1 30

CD1a Leu6, OKT6; found on T cells, normal Langerhans cells, immature
dendritic cells,70 and cortical thymocytes.71 It functions in dendritic
cell presentation of glycolipid antigens72 and dendritic cell anti-tumor
response.73 In disease states, it labels histiocytes74 and leukemic
thymocytes71

Abcam 1:10 CC1 30

CD3 OKT3; an integral membrane protein complex that is part of the
T-cell antigen receptor75

Ventana Ready to use CC1 30

CD4 OKT4, Ly1, Leu3; marker of T-helper lymphocytes76 Ventana Ready to use CC1 30

CD8 OKT8, Ly2/Ly3, Leu2; marker of cytotoxic T lymphocytes,77

a coreceptor with cCD3 for antigens displayed by MHC Class I+

antigen-presenting cells78

Ventana Ready to use CC1 30

CD20 L26; a common B-cell surface marker for all but the initial
and final stages of B-cell differentiation,79 used as a target
for eliminating B cells with rituximab in lymphomas and autoimmune
diseases

Ventana Ready to use CC1 30

CD34 Common surface marker for adult hematopoietic progenitor cells,80

murine hematopoietic cells,81 fibrocytes,82 and endothelial cells83,84
Ventana Ready to use CC1 30

CD45 Leukocyte cell surface glycoprotein,85 mononuclear cells,
and fibrocytes.66

Ventana Ready to use CC1 30

CD45RO UCHL1; memory T cells, fibrocytes, monocytes, and macrophages66 Ventana Ready to use None

CD56 N-CAM, NKH-1, Leu-19; marker for natural killer cells86 Ventana Ready to use CC1 30

CD68 KP1, macrosialin; glycosylated membrane protein expressed by tissue
macrophages, Langerhans cells,87 monocytes, and fibrocytes66

Ventana Ready to use CC1 30

CD80 B7-1, BB1; a co-stimulatory molecule found on antigen-presenting
cells, including dendritic cells,88 activated
B-cells,89 macrophages, and epithelial cells90

Abcam 1:100 None

Cytokeratin
AE1/AE3

Labels the most of the cytokeratins of the cytoskeleton91

in normal epithelia and epithelial carcinomas,92 some abnormal
myofibroblasts, and normal smooth muscle cells93

DAKO 1:150 Protease

Foxp3 Forkhead-winged helix transcription factor that defines
the regulatory T cells24

Abcam 1:100 CC1 30

IL-17 One member of a highly inflammatory cytokine family
(IL-17a-f) with chemotactic properties that binds with receptors on
most cell types23

Abcam 1:200 CC1 30

ROR-a Retinoic acid-related orphan receptor alpha, (NR1F1, a thyroid
hormone-like receptor), a transcription factor expressed
in the epithelium of many tissues.51 Required for lymphocyte
development.37,56 A receptor for cholesterol and its derivatives94

Abcam 1:100 CC1 30

ROR-b Retinoic acid-related orphan receptor-b (NR1F2), present
in the brain and retina52,95

Abcam 1:300 CC1 30

ROR-g Retinoic acid-related orphan receptor gamma (NR1F3), required for
the lymphoid tissue development,36 found in thymocytes, Th-17
lymphocytes,95 innate lymphoid cells,96 and skeletal muscle cells97

Abcam 1:200 CC1 30

S100 A family of intracellular and secreted calcium-binding proteins30,31 Ventana Ready to use Protease

TNF-a Part of the TNF superfamily98 Abcam 1:100 Protease

NR1F1, nuclear receptor 1; TNF, tumor necrosis factor.
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detection systems from Ventana Medical Systems
were used for bound antibody detection following
the manufacturer’s recommendations.

Co-Expression Analyses

Co-expression analyses were performed using the
Nuance system (Cambridge Research Institute)
according to the manufacturer’s specifications and
as previously published.25 In brief, the Nuance
system converts co-expression-based colorimetric
analysis (diaminobenzidine brown for one protein
and Fast Red for the other protein, with blue
hematoxylin counterstain for nuclei) into spectral
signatures that can be digitally separated and then
‘mixed’ to determine whether a given cell is produc-
ing two distinct proteins. These images are depicted
as pseudo-fluorescent for ease of visualization.
The Nuance system will score a cell positive for
co-expression even if the proteins are in different
cell compartments, as long as the signals for each
protein are within a 150-nm plane in three-dimen-
sional space.25,27

Statistical Analyses

For each immunohistochemical analysis for a given
antigen and disease pattern, a minimum of three
� 200, non-overlapping fields were counted from
one slide and averaged, and at least two slides from
three patients with idiopathic pulmonary fibrosis as
well as the same from two negative controls were
analyzed. Statistical comparisons were made using
GraphPad Prism 5.0 software and a two-sided
Student’s t-test with the Bonferroni correction. The
Bonferroni correction was applied to the P-values,
which were adjusted by a factor equivalent to the
number of comparisons made, usually four.

Results

Description of Lung Tissue from Idiopathic Pulmonary
Fibrosis Biopsy Specimens and Control Lung Tissues

We correlated the histological features of 21 samples
and 21 controls with the immunohistochemical
detection of the following proteins: CD1a, CD3,
CD4, CD8, CD20, CD34, CD45, CD45RO, CD56,
CD68, CD80, retinoic acid-related orphan receptor
(ROR)-a, ROR-b, ROR-g, forkhead box p3 (Foxp3),
chemokine receptor 6 (CCR6), S100, IL-17, and
tumor necrosis factor (TNF)-a. All of the antibodies
used are described in Table 1. In three of the
idiopathic pulmonary fibrosis cases, there was suffi-
cient tissue to test each of these antigens on serial
4m sections. For the other 18 idiopathic pulmonary
fibrosis cases, where the amount of tissue was
limited, at least 3 idiopathic pulmonary fibrosis
cases and 2 control lung cases were used to test each
antibody.

The control tissues showed normal lung tissue
in the majority of microscopic fields. In some
samples, scattered areas of alveolar wall breakdown
consistent with early emphysema were seen. How-
ever, there were no patterns of increased interstitial
fibrosis seen in controls. The idiopathic pulmonary
fibrosis lungs globally showed a heterogeneous
pattern of fibrosis. In all cases, there was extensive
alteration of the parenchymal architecture with only
small zones of relatively uninvolved parenchyma.
Foci of active injury were characterized by conspic-
uous type II pneumocyte hyperplasia, fibroblastic
foci, and expansion of discernible septa by lympho-
cytes, plasma cells, and histiocytes. Neutrophilic
infiltrates were rare. It was common to observe
sheets of macrophages with variable pigment
deposition within the alveolar spaces, although
this was not unusual in the control lungs as well.
Variable vascular injury and hemorrhage were noted
in more advanced areas of fibrosis. There was an
obliterative pattern of fibrosis, with large, irregular
pseudoalveolar spaces characteristically exhibiting
interlobar and subpleural accentuation.

Idiopathic Pulmonary Fibrosis Normal Lung Tissue
Versus Control Lung Tissue

Figure 1 shows the quantities of mononuclear cells
and macrophages detected by immunohistochemis-
try using immunophenotypic markers to identify
the cell types in control lung and the idiopathic
pulmonary fibrosis lung grouped into three distinct
stages. Given that the normal appearing areas of
idiopathic pulmonary fibrosis lungs may have the
earliest markers of disease, it is important to look
for differences in these areas that may reveal the
etiology of idiopathic pulmonary fibrosis. A com-
parison of histologically normal lung from the
idiopathic pulmonary fibrosis cases and the control
lung tissues found that fewer than one cell/� 200
field stained with the following markers: CD20,
CD34, CCR6, and Foxp3 (Figures 1, 2, and data not
shown). Alternatively, CD3+, CD4+, CD8+, CD45+,
and CD45RO+ cells were commonly detected
in the histologically normal idiopathic pulmonary
fibrosis lung tissue, corresponding at times to small
foci of interstitial lymphocytic infiltration. Figures 1
and 2 show there were significantly more cells in the
histologically normal lung tissue in idiopathic
pulmonary fibrosis lung biopsy specimens than in
lung tissue from control cases that were stained for
CD68 (P¼ 0.0304) and CD80 (P¼ 0.0116). Only
CD68þ cells in the interstitium were counted; the
alveolar macrophages were not counted. Although
there were quantitatively more TNF-aþ cells in
normal lung tissue in idiopathic pulmonary fibrosis
biopsy specimens than in control lung tissue,
the difference was not significant. Macrophages
and dendritic cells appeared to be attracted to the
normal-appearing interstitial areas in idiopathic
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pulmonary fibrosis; this was the first detected
immune activity.

The comparison of histologically normal lung in
idiopathic pulmonary fibrosis lung biopsy material
with control lung tissue (Figure 1) revealed signi-

ficantly fewer cells positive for CD3 (P¼ 0.0028),
CD4 (P¼ 0.0488), and CD45RO (Po0.0005). The
numbers of CD8þ cells from the normal areas of the
idiopathic pulmonary fibrosis lungs and controls
were similar. Although there were slightly more

Figure 2 Cell markers and cytokines. The mean±s.e.m. of the numbers of cells stained positive for the indicated antigens, chemokine
receptors, or cytokines on slides with lung tissue from the indicated idiopathic pulmonary fibrosis signature histological regions or
control lung tissue. Asterisks indicate the P-values for comparison of the idiopathic pulmonary fibrosis tissues with the control lung
tissue (*Po0.05; **Po0.005; and***Po0.0005). Deltas indicate the P-values for comparison of the differences involving the data bars
that they appear between (dPo0.05; ddPo0.005; and dddPo0.0005).

Figure 1 Lymphocytes, monocytes, and macrophages. The mean±s.e.m. of the numbers of cells stained positive for the labeled surface
antigens on slides with lung tissue from the indicated idiopathic pulmonary fibrosis signature histological regions and control lung
tissue. Asterisks indicate the P-values for comparison of the idiopathic pulmonary fibrosis tissues with the control lung tissue (*Po0.05;
**Po0.005; and ***Po0.0005). Deltas indicate the P-values for comparison of the differences involving the data bars that they appear
between (dPo0.05; ddPo0.005; and dddPo0.0005).
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Figure 3 Control lung, idiopathic pulmonary fibrosis—normal lung, and idiopathic pulmonary fibrosis—epithelial-dominant lung.
(a, d, g, j, m) Lung tissue from the controls probed for the indicated cellular markers; (b, e, h, k, n) the staining of histologically normal
lung from idiopathic pulmonary fibrosis patients; and (c, f, i, l, o) the staining of the epithelial-dominant or -active phase of idiopathic
pulmonary fibrosis. All photomicrographs show the tissue with a magnification of � 200. (a–f) The tissues were stained with
diaminobenzidine, (g–o) the tissues were stained with Fast Red. The counterstain in each case was hematoxylin.
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CD45 cells in the normal lung areas from patients
with idiopathic pulmonary fibrosis compared with
controls, the difference was not statistically signifi-
cant. Fewer than expected T-helper cells (CD4þ ),
including memory cells (CD45ROþ ), were present in
the normal areas of the idiopathic pulmonary
fibrosis lung biopsy specimens. Figure 3 shows
representative photomicrographs for the detection of
various mononuclear cells in the control lungs
(Figure 3; photos 3a, 3d, 3g, 3j, and 3m), for the
normal areas of idiopathic pulmonary fibrosis lungs
(Figure 3; photos 3b, 3e, 3h, 3k, and 3n), and for the
epithelial-dominant areas of idiopathic pulmonary
fibrosis (Figure 3; photos 3c, 3f, 3i, 3l, and 3o).

Inflammatory infiltrates

Figure 4 shows examples of cell markers found in
inflammatory infiltrates. The inflammatory cell
infiltrates were most conspicuous in the areas
corresponding to recent parenchymal injury.

The density of each infiltrate was variable and
ranged from 100 to over 1000 cells, but it was never
of the magnitude found in lymphocytic interstitial
pneumonitis. Inflammatory infiltrates usually
showed either subpleural or perivascular localiza-
tion. The CD3þ T cells were located around the
edges and CD20þ B-cells were in the center (Figure
4a and c), as previously described.28 Immunohisto-
chemistry for the leukocyte common antigen, CD45,
strongly stained the infiltrate cells (Figure 4b).
Fewer cells were positive for CD45RO, a marker of
memory T-helper cells and myeloid hematopoietic
progenitors.29 Interestingly, Foxp3þ cells were visi-
ble with nuclear staining in the inflammatory
infiltrates (Figure 4e), but not in the areas of active
fibrosis (data not shown). IL-17þ cells were present
in the inflammatory infiltrates (Figure 4g). ROR-bþ

cells were not apparent among the lymphocytes, but
some positive epithelial cells can be seen in the
vicinity of the infiltrate (Figure 4f). Immunohisto-
chemistry analysis for CCR6þ cells follows a similar

Figure 4 Idiopathic pulmonary fibrosis inflammatory infiltrates. All photomicrographs show the tissue stained with Fast Red and
hematoxylin counterstain. (a–f) The photos have a magnification of � 200. (g, h) The photos have a magnification of �400.
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pattern, with scattered staining of nearby epithelial
cells, but no positive lymphocytes (Figure 4h).

Idiopathic Pulmonary Fibrosis: Epithelial-Dominant
Lung Tissue Characterization

Cells in sites of the active disease (idiopathic
pulmonary fibrosis—epithelial dominant) were ana-
lyzed. The mean numbers of mononuclear cells and
macrophages/� 200 field in the epithelial-dominant
areas of idiopathic pulmonary fibrosis are presented
in Figure 1. The CD45ROþ population was smaller
than in control lung tissue (Po0.0005). CD45ROþ

cells were present in the inflammatory cell infiltrates
in idiopathic pulmonary fibrosis (Figure 4d), but
were much less common in the areas of active or
chronic fibrosis. Significantly, more cells expressing
CD20, CD45, and CD68 were detected in the epithe-
lial-dominant stage of idiopathic pulmonary fibrosis
compared with controls (Figure 1, P¼ 0.0004,

Po0.0004, and Po0.0004, respectively). CD3þ ,
CD4þ , CD8þ , CD45þ , and CD80þ cells were abun-
dant in the epithelial-dominant regions of idiopathic
pulmonary fibrosis lung (Figure 3, photos 3c, 3f, 3i,
3l, and 3o). Though many of the CD3þ , CD4þ , and
CD8þ cells had the typical mononuclear cytology,
others had spindle-like features. The CD80þ cells
were actively regenerating epithelia (Figure 3o). The
number of CD8þ cells was significantly greater in the
epithelial-dominant stage of idiopathic pulmonary
fibrosis compared with the normal idiopathic pul-
monary fibrosis lung (P¼ 0.0076), but not when
compared with the control lung tissue (Figure 1).
Cells expressing CD45 were typically mononuclear
cells (Figure 3k), but some were larger interstitial
cells with myofibroblast features (Figure 3l) resem-
bling cells reported to be derived from circulating
fibrocytes.17 Cells expressing the regulatory T-cell
marker Foxp3 or the NK marker CD56 were neither
detected in the epithelial-dominant phase of idio-
pathic pulmonary fibrosis (similar to the control) nor

Figure 4 Continued.
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in the histologically normal idiopathic pulmonary
fibrosis lung areas (data not shown).

Interestingly, the IL-17þ cells stained regenerating
epithelial cells and alveolar macrophages, and some
interstitial cells were also positive (Figure 5e and f).
Cytological examination showed that the primary
cells expressing TNF-a had the features of macro-
phages; though occasional, TNF-aþ regenerating
epithelial cells were seen (Figure 5a and b).

The regenerating epithelial cells in the idiopathic
pulmonary fibrosis present in the epithelial-domi-
nant areas of lung sections expressed other
markers such as the antigen-presenting marker
CD80 (Figure 5c and d). CD80þ cells were some-
times seen in the stroma but were primarily
regenerating epithelial cells. S100 is a protein
typically found in and released by phagocytes.30,31

S100þ cells were abundant in the active-disease
stage (Figure 2), and are present in the stroma

(Figure 5g and h). The numbers of cells expressing
S100 and CD80 were 50- to 100-fold higher
(respectively) in epithelial-dominant lung tissue of
idiopathic pulmonary fibrosis than in control lung
tissue (Figure 2).

CCR6 is expressed on memory T cells, Th-17s,
and T-regs.32,33 There were significantly more cells
expressing CCR6 in the active idiopathic pulmonary
fibrosis biopsy tissue than in controls (P¼ 0.0006;
Figure 2). Given that regenerating epithelial cells
appeared to be the major cell type expressing a variety
of inflammatory antigens, we performed co-expres-
sion analyses to further address this point.
Co-expression studies were done with serial sections
to compare the same groups of cells in adjacent
sections that are 4m thick (in comparison, the
regenerating epithelial cells are typically around
15–20m in size). The tissue was probed with
cytokeratin AE1/3 antibodies for epithelial antigens

Figure 5 Idiopathic pulmonary fibrosis—epithelial-dominant areas. (a–f) Idiopathic pulmonary fibrosis lung tissue stained with Fast
Red and hematoxylin counterstain. (g, h) Idiopathic pulmonary fibrosis lung tissue stained with diaminobenzidine and hematoxylin
counterstain. (a, c, e, g) The photos have a magnification of �100, whereas the others have a magnification of �400.
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(Table 1; Figure 6a–f), and CCR6 (Figure 6a–d) or
IL-17 (Figure 6e and f). The cells that co-expressed
CCR6 and cytokeratins were the regenerating
epithelial cells (Figure 6a and d). IL-17þ /cytokeratin
AE1/3þ cells can be seen (36% of epithelial cells
were stained; Figure 6f), and IL-17þ /cytokeratin
AE1/3� cells are visible in the surrounding stroma
(Figure 6e and f).

IL-17-Producing Macrophages and T-Cells in
Idiopathic Pulmonary Fibrosis

To determine the identity of the interstitial/stromal
cells and to verify the identity of the alveolar
macrophages expressing IL-17, idiopathic pulmon-
ary fibrosis lung tissues were probed with antibody
to IL-17, CD3 and CD68 (Figure 7). Some of the
IL-17þ interstitial cells were CD3þ , indicating that
Th-17 lymphocytes were present in the stroma
(Figure 7a and b). Cells positive for IL-17 and
CD68 were macrophages (Figure 7c and d).

IL-17-Producing Cells Expressing RORs in Idiopathic
Pulmonary Fibrosis

Th-17 lymphocytes can be identified by the pre-
sence of the nuclear orphan receptor ROR-g,34 which
controls IL-17 production and CCR6 expression.35

Similar to ROR-g,36 ROR-a is necessary for lympho-
cyte development37 and promotes Th-17 differentia-
tion.38 A third member of the ROR family is ROR-b.
Antibodies to these nuclear orphan receptors were
used to probe either control or idiopathic pulmonary
fibrosis lung tissue. Expression of ROR-b and -g was
apparent in all stages of idiopathic pulmonary
fibrosis (Figure 8). The numbers of cells positive
for ROR-a, -b, and -g were significantly higher in the
epithelial-dominant stage of idiopathic pulmonary
fibrosis than in control lung tissue (P¼ 0.0216,
P¼ 0.0018, and P¼ 0.0009, respectively). Similar to
IL-17 and CCR6, the positive staining for all three
RORs appeared to localize in regenerating epithelial
cells. To clarify the identity of these cells, colocali-
zation studies were performed (Figure 9).

Figure 5 Continued.
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Figure 6 Co-expression analyses of epithelial cytokeratins, CCR6 and IL-17, in the idiopathic pulmonary fibrosis—epithelial-dominant
areas. (a–d) The images are photos of the same slide, as are panels e and f. (a) The color-based image where the bound cytokeratin AE1/3
Ab appears brown (diaminobenzidine), CCR6 is red (Fast Red), and the counterstain (visible on nuclei) is blue (hematoxylin).
(b) The Nuance system converts diaminobenzidine to fluorescent green showing the cytokeratins. (c, e) The CCR6 and IL-17 (Fast Red)
are converted to fluorescent red, (d, f) fluorescent yellow marks cells with both targets. (d) The CCR6þ cells co-express cytokeratins.
(f) Co-expression analyses with IL-17 show that the epithelial IL-17þ cells are cytokeratin AE1/3 Abþ , but many IL-17þ/cytokeratin
AE1/3� cells are fluorescent red in the stroma.
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Most of the ROR-aþ cells co-expressed epithelial
cytokeratins (detected by cytokeratin AE1/3 Ab),
suggesting they were lung epithelial cells (Figure 9j).
Many cells expressing ROR-b (Figure 9k), ROR-g
(Figure 9l), and IL-17 (Figure 6f) also co-expressed
these cytokeratins and were identified as regenerat-
ing epithelial cells. These results are surprising,
because Th-17s, macrophages,39,40 and histiocytes41

are the reported sources of the cytokine IL-17. How-
ever, as evident in Figure 6e and f, stromal cells also
expressed IL-17. RORs were evident on endothelial
cells, defined as flattened cells lining small blood
vessels (data not shown), scattered interstitial cells
and inflammatory cells. Control lung epithelium
was nearly devoid of cells positive for ROR-a, -b,
and -g (Figure 9m, n, and o).

Characterization of the Stromal-Dominant Regions
of Idiopathic Pulmonary Fibrosis Lung

The immunophenotypical profiles of the different
antigens in the stromal-dominant histological
areas of idiopathic pulmonary fibrosis lung tissues
were also examined. These data are presented in
Figures 1, 2, and 8. There was a marked decrease in
the number of cells expressing CD3, CD8, CD20,
CD45, and CD68 in the stromal-dominant stage
of idiopathic pulmonary fibrosis compared with
the epithelial-dominant stage. The trend for signifi-
cantly fewer CD45ROþ cells across the histological
spectrum of idiopathic pulmonary fibrosis was
demonstrated for the stromal dominant versus the
epithelial-dominant stage of idiopathic pulmonary

Figure 7 Co-expression analyses of IL-17 with CD3 and CD68 in the idiopathic pulmonary fibrosis—epithelial-dominant stage. (a) The
color-based image where the CD3 is stained brown (diaminobenzidine), IL-17 is red (Fast Red), and the counterstain is blue
(hematoxylin). (b) The same image made fluorescent by the Nuance system. Some double-positive (yellow) stained cells are present in
the interstitium (Th-17s), and some of the CD3þ T cells are green, both have the morphology of lymphocytes. Fast-Red-labeled cells
(IL-17þ , non-Tcells) are also apparent. (c) The regular color-based image with CD68þ stained brown (diaminobenzidine), and the IL-17 is
again stained with Fast Red. (d) The same image made fluorescent with double-positive macrophages (yellow), some green macrophages
(CD68þ ) in the interstitium, and red fluorescent (IL-17þ ) regenerating epithelial cells.
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fibrosis (P¼ 0.002). There were far fewer cells
expressing TNF-a, CD80, IL-17, CCR6, S100,
ROR-a, ROR-b, and ROR-g in the stromal-dominant
stage of idiopathic pulmonary fibrosis versus the
epithelial-dominant stage. Similarly, there was
minimal to no expression of Foxp3, CD34, and
CD56 (data not shown). The overall decrease in
the numbers of immune cells in the end stage of
idiopathic pulmonary fibrosis may be attributed to
the replacement of parenchymal tissue with fibrotic
scar tissue.

Discussion

The major new finding of this study, confirmed by
co-expression analyses, was that the regenerating
lung epithelial cells in idiopathic pulmonary fibro-
sis express proteins previously thought to be
expressed only by immune cells (Figure 9). A role
for the highly inflammatory IL-17 has been impli-
cated in human asthma,39,42 COPD,43 experimental
hypersensitivity pneumonitis,44 murine models of
pulmonary fibrosis,11 and all autoimmune diseases
that have been tested for its presence.45 Our results
show the cell-specific expression of IL-17 in the
lungs of idiopathic pulmonary fibrosis patients,
unexpectedly localized to regenerating epithelial

cells, as well as alveolar macrophages and T-cells.
Molecules expressed by Th-17 cells, including
CCR6,33,35 ROR-g35 and ROR-a,38 were co-expressed
with IL-17 in regenerating epithelial cells (Figures 6
and 9). Figure 6d and f (respectively) show the
co-expression of CCR6 and IL-17 with epithelial
cytokeratins using the cytokeratin AE1/3 Ab, and
Figure 9 shows the co-expression of ROR-a, -b,
and -g with epithelial cytokeratins. Figure 7 shows
co-expression of IL-17 with CD3 and CD68, verifying
the cellular identity as Th-17 lymphocytes and
macrophages, respectively. The novel, unexpected
finding of IL-17, CCR6, and all the three RORs in
regenerating epithelial cells (but not histologically
normal epithelium) in idiopathic pulmonary fibrosis
warrants further exploration.

CCR6 was initially described as a chemokine
receptor on memory T cells,32 in particular on
T-regs,46 which was specific for chemokine ligand
20 (CCL20). The expression of CCR6 on Th-17s and
T-regs requires the expression of the nuclear
receptors ROR-a and -g, and regulates their migra-
tion into inflammatory tissue.47 We detected Th-17
lymphocytes in idiopathic pulmonary fibrosis lung
stromal tissue (Figure 7a and b), but few Foxp3þ

T-regs were found outside of inflammatory infil-
trates (data not shown and Figure 4). This is consis-
tent with an impaired regulatory T-cell response in
idiopathic pulmonary fibrosis.48

The constant presence of bacteria promotes
production of CCL20 in the intestines, and the
intestinal epithelial cells constitutively express
CCR6 in the colon and in culture.49 Both ligands
for CCR6, CCL20, and human b-defensin-2 function
in the activation of colonic epithelium for cellular
migration and barrier repair via CCR6-regulated
actin cytoskeleton pathways.50 The results of our
colocalization experiments implicate a similar
process taking place in the idiopathic pulmonary
fibrosis lung epithelium, to repair the idiopathic
damage in the alveoli.

The expression of the RORs by regenerating
epithelium is intriguing, given that these are nuclear
receptors affecting development of the immune and
nervous systems, as demonstrated with ROR-g,36

ROR-a,37,51 and ROR-b52 knockout mice. ROR-b has
been detected in the nervous system, leaving its
function in idiopathic pulmonary fibrosis lung open
for speculation. The RORs were initially named
orphan receptors because their actual ligands were
unknown. One ligand identified for ROR-b is all-
trans retinoic acid.53 Rats treated with all-trans
retinoic acid have pulmonary consequences in their

Figure 8 Intracellular retinoid-like ROR-positive cells. The
mean±s.e.m. of the numbers of interstitial cells stained positive
for the ROR antigens on slides with areas of lung tissue repre-
senting the signature idiopathic pulmonary fibrosis histological
regions and control lung tissue. Asterisks indicate the P-values for
comparison of the idiopathic pulmonary fibrosis tissues with the
control lung tissue (*Po0.05; **Po0.005). Deltas indicate the
P-values for comparison of the differences involving the data bars
that they appear between (dPo0.05; ddPo0.005; and dddPo0.0005).

Figure 9 Co-expression analyses of RORs and cytokeratins in the idiopathic pulmonary fibrosis—epithelial-dominant Areas. (a–c) The
regular color-based images where the cytokeratin AE1/3 Ab is brown (diaminobenzidine); ROR-a, -b, and -g are Fast Red labeled; and the
counterstain is blue (hematoxylin). (d–l) The same images (arranged vertically) are fluorescence converted by the Nuance system. Most of
the ROR-expressing cells are stained positive with the cytokeratin AE1/3 Ab. Control lung tissues were double stained with the same
antibodies and color reagents, the co-expression is shown and labeled in panels m, n, and o. Green fluorescence of the cytokeratin AE1/3
Ab can be seen, but co-expression with the RORs is absent.
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alveoli, such as postnatally developing more alveo-
lar tissue and preventing dexamethasone-induced
decreases in alveolar units.54 These interactions
suggest a potential physiological role for the RORs
in idiopathic pulmonary fibrosis lung epithelium
regeneration. Transformed hematopoietic stem cells
express receptors for vitamin A metabolites.55 The
expression of ROR-b on the regenerating epithelium
deserves further investigation.

ROR-a is located on chromosome 15q22.2, in a
known common fragile site (FRA15A), where gene
rearrangements tend to occur, resulting in epithelial
cancers of the breast, prostate, and ovaries. Its
transcription is downregulated in cancer, whereas
cellular stress, oxygen radicals, and toxins upregu-
late its expression. Upregulation of ROR-a slows
cellular growth.56 Hypoxia also induces activation of
ROR-a.57 It is possible that lung tissue injury and
resultant hypoxia in idiopathic pulmonary fibrosis
trigger the expression of this gene in the regenerat-
ing epithelium.

Because IL-17 was detected in epithelial cells, we
looked for ROR-g to localize to the same cells.
Colocalization of ROR-g and -a in the regenerating
epithelium (Figure 9) provides evidence that these
cells were producing IL-17, rather than binding it
via receptors on their surface from other sources.58

These nuclear factors control the development of
IL-17-producing Th-17 cells.34,38 The results we
present call into question the source of the regener-
ating epithelia. The wide range of molecules
expressed suggests that these IL-17-producing cells
may be derived from hematopoietic progenitor
cells. Murine studies of lung injury and fibrosis
have demonstrated the ability of bone marrow-
derived cells to populate the alveoli and become
type 1 pneumocytes.12,13 The expression of the
hematopoietic progenitor cell marker Thy-129 by
regenerating epithelial cells in idiopathic pulmon-
ary fibrosis59 indicates the potential for hemato-
poietic cells to enter the damaged regions of lung
parenchyma to attempt to heal the injury. Future
studies will be required to identify the origin of the
regenerating epithelium in idiopathic pulmonary
fibrosis.

Early changes in the lungs of idiopathic pulmon-
ary fibrosis patients provide valuable information
for discovery of the etiology and the treatment of
idiopathic pulmonary fibrosis. Compared with
controls, the significant inflammatory changes in
histologically normal lung areas in idiopathic
pulmonary fibrosis biopsy samples were macro-
phage recruitment into the interstitium and heigh-
tened cellular expression of the antigen-presenting
molecule CD80 (Figures 1 and 2). The recruitment of
these innate immune system cells suggests the
presence of a chemotactic mediator, such as a stress
signal, emanating from the normal-appearing par-
enchyma.60,61 Heightened alveolar macrophage
proliferation has also been reported to characterize
and distinguish usual interstitial pneumonia

from other interstitial lung diseases.62 The relative
timing of these phenomena would be interesting to
determine.

Some of our results confirmed the location of
immune cells previously described for idiopathic
pulmonary fibrosis lung tissue. We found TNF-a
expression in macrophages and regenerating epithe-
lial cells (Figure 5a and b), similar to previous
reports.63 Other inflammation-associated molecules
detected were S100 proteins (Figure 5g and h), a
family of intracellular and secreted calcium-binding
proteins with regulatory activity.64 These are found
in and produced by Langerhans dendritic cells,
activated monocytes, macrophages, neutrophils,65

and fibrocytes.66 They function as Toll-like receptor
agonists and chemoattractants;30 and are function-
ally modified by oxidation.31 IL-17 enhances
expression of S100 proteins in murine and human
skin inflammation.33,67 Our results clearly demon-
strate inflammation in idiopathic pulmonary fibro-
sis and are consistent with previous reports of a role
for adaptive autoimmunity in idiopathic pulmonary
fibrosis.68 Once the epithelial-dominant stage of
idiopathic pulmonary fibrosis deteriorates to
the stromal-dominant stage, there is an apparent
decrease in the numbers of cells expressing each of
the immunomodulators studied. This underscores
the realization that the end-stage of idiopathic
pulmonary fibrosis is likely not reversible and
that therapy needs to be directed to early disease
events.

In summary, we detected and localized the
inflammatory and autoimmune cytokine IL-1769 in
idiopathic pulmonary fibrosis lung. This could be
an indication that autoimmune reactivity is present
in the disease as suggested by others,7,8,68 or this
could be another disease in which IL-17 has a role.33

Given the finding of IL-17-producing cells by Wilson
et al11 in a tracheal-injury murine model of pul-
monary fibrosis, it is likely that this cytokine is not
unique to idiopathic pulmonary fibrosis among
the fibrotic lung diseases. This is the first report
of colocalization of IL-17 with the orphan nuclear
receptors ROR-a, -b, and -g, and the chemokine
receptor CCR6 in cells that are acting as regenerating
epithelia in idiopathic pulmonary fibrosis. These
results raise many important questions regarding the
source of regenerating epithelial cells in the lung,
and the potential pathological role that they have in
their attempt to heal alveolar injury.
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