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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, debil-
itating respiratory disease whose pathogenesis is poorly under-
stood. In IPF, the lung parenchyma undergoes extensive remodel-
ing. We hypothesized that lymphangiogenesis is part of lung
remodeling and sought to characterize pathways leading to lym-
phangiogenesis in IPF. We found that the diameter of lymphatic
vessels in alveolar spaces in IPF lung tissue correlated with disease
severity, suggesting that the alveolar microenvironment plays a
role in the lymphangiogenic process. In bronchoalveolar lavage
fluid (BALF) from subjects with IPF, we found short-fragment
hyaluronic acid, which induced migration and proliferation of
lymphatic endothelial cells (LECs), processes required for lymphatic
vessel formation. To determine the origin of LECs in IPF, we isolated
macrophages from the alveolar spaces; CD11b* macrophages from
subjects with IPF, but not those from healthy volunteers, formed
lymphatic-like vessels in vitro. Our findings demonstrate that in the
alveolar microenvironment of IPF, soluble factors such as short-
fragment hyaluronic acid and cells such as CD11b* macrophages
contribute to lymphangiogenesis. These results improve our un-
derstanding of lymphangiogenesis and tissue remodeling in IPF
and perhaps other fibrotic diseases as well.
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diopathic pulmonary fibrosis (IPF) is a chronic, progressive,

and often fatal lung disease of unknown etiology, character-
ized by the insidious onset of interstitial infiltrates in the lung
parenchyma associated with progressive dyspnea due to venti-
latory restriction (1). The pathogenesis of usual interstitial
pneumonia (UIP), the pathological correlate of IPF, is poorly
understood. An inflammatory response has been described as an
early step in the progression of UIP, leading to the development
of lymphoid structures, a hallmark of chronic inflammation (2).
Currently, a prevailing hypothesis is that IPF is caused by
dysregulation of epithelial and mesenchymal cells. In this model,
activation of epithelial cells leads to the release of fibrogenic
molecules and cytokines, which stimulates the differentiation of
mesenchymal cells and promotes lung fibrosis (3).

There is a paucity of data regarding tissue fibrosis and
lymphangiogenesis. The fibrotic process in a rat remnant kidney
model was associated with newly formed lymphatic vessels (4).
In bleomycin-induced lung injury, data suggest that the angio-
genic process is followed by lymphangiogenesis (5).

Inflammatory molecules and cells are recognized as important
contributors to lymphangiogenesis in animal models (6) and in
human disease (7-9). Cytokines (e.g., IL-18, TNF-«) induce the
expression of VEGF-C and other growth factors that are key
mediators of lymphangiogenesis (10). Moreover, hyaluronic
acid, a critical factor in lung injury and repair, is known to induce
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lymphangiogenesis (11). LYVE-1, a CD44 homolog and recep-
tor for hylauronic acid, is a known surface protein of lymphatic
endothelial cells (LECs) (12). Although lymphatic vessels can
arise from vacuolization of LECs that merge to form lymphatic
tubes (13), activated CD11b* macrophages also can form lym-
phatic tubes by a putative transdifferentiation process (6). Given
that alveolar macrophages represent a major constituent of
bronchoalveolar cells and that elevated concentrations of lung
cytokines, chemokines, and hyaluronic acid is a feature of IPF,
we hypothesized that lymphangiogenesis could occur in IPF.
To study lymphangiogenesis in IPF, we identified lymphatic
vessels in IPF lung tissue and investigated possible cellular and
molecular mechanisms that could contribute to the lymphangio-
genic process. We found that the lymphatic vessels in the IPF
lung increase in diameter with increasing disease severity. We
also determined that hyaluronan fragments and CD11b* mac-
rophages found in the IPF lung contribute to the lymphangio-
genic process. Together, these findings suggest that lymphatic
vessel development may contribute to the pathogenesis of IPF
and could serve as a rational drug target for future IPF therapy.

Results

Alveolar Lymphangiogenesis Is a Feature of IPF. To define lymphatic
vessels in normal and IPF lung, tissue sections were immuno-
stained with anti-podoplanin antibodies. In normal lung tissue,
lymphatic vessels reactive with anti-podoplanin antibodies are
found proximal to large anti-CD34-reactive blood vessels. In
normal alveolar spaces, small CD34-positive capillaries were
found, but no immunoreactivity for podoplanin was detected
(Fig. 14). In marked contrast, positive immunoreactivity for
podoplanin was found in alveoli of subjects with IPF of varying
severity, indicating the presence of LECs lining large and small
lymphatic vessels (Fig. 1B-D, arrows). In the IPF lung, unlike in
normal tissue, lymphatic distribution was not limited to the
proximity of large blood vessels; lymphatic structures were
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Fig.1. Lymphaticvessel areaincreasesin parallel with disease severity in IPF tissue sections. (A) In normal human lung, large lymphatic vessels (in brown, arrows)
appear only along large blood vessels (in red, arrowheads), whereas only CD34-positive endothelial cells without lymphatics line the distal alveolar spaces (Alv).
(B-D) In tissue sections from subjects with mild (B), moderate (C), and severe (D) IPF, there is an marked increase of both lymphatic and blood capillary vessels
adjacent to the alveolar spaces earlier in disease (B), with further increase in areas of fibrosis (*). (Magnification bar: 50 um.) (E) Tissue sections were stained with
D2-40 (brown) and CD-34 (red) antibodies. Images (n = 15) of each section were obtained. ImageJ image analysis software was used to measure the area of

lymphatic vessels (D2-40-positive) and blood vessels (CD34-positive) in tissue sections from mild (n = 3), moderate (n = 5), and severe (n = 4) IPF. A statistically

significant increase in average lymphatic area with increasing disease severity is seen (P < .05, severe compared with mild and moderate).

contiguous to relatively normal alveolar spaces (Fig. 1B) and
throughout the fibrotic tissue (Fig. 1C and D). In addition, CD34
immunostaining in IPF was detected in normal and fibrotic
alveoli. At their periphery, fibroblastic foci, histological hall-
marks of IPF, were reactive with both anti-podoplanin and
anti-CD34 antibodies [supporting information (SI) Fig. S1].
Negative controls with nonimmune IgG exhibited no immuno-
reactivity (Fig. S24). Positive controls with both anti-D2-40 and
anti-CD34 antibodies using placental tissue are shown in Fig. S2
B and C.

Lymphatic Area Correlates with Disease Severity in IPF. The number,
area, and perimeter of lymphatic and blood vessels were quan-
tified using immunostained lung tissue from subjects with IPF.
Our data demonstrated that the mean area and perimeter, but
not number, of lymphatic vessels correlated with disease severity
(P = .009, .005, and .18, respectively) (Fig. 1 and Table S1). In
contrast, the number, but not area or perimeter, of blood
capillaries correlated with disease severity (P = .003, .18, and .17,
respectively). Analysis of the total area of lymphatic and blood
vessels per tissue section showed that mean area of lymphatic
vessels, but of not blood capillaries, increased significantly with
disease severity (P = .024 and .117, respectively) (Table S1).

LYVE-1 and Hyaluronic Acid in IPF and Normal Lung. LECs are
characterized by the presence of LYVE-1, a CD44 homolog and
receptor for hyaluronic acid, a chemoattractant for endothelial
cells found in high concentrations in inflammation and lung
injury (12). Immunostaining for LYVE-1 in normal lung tissue
sections showed a distribution similar to that of podoplanin in
contiguity of large blood vessels and airways (Fig. S3). In
contrast, IPF lung revealed vessels positive for LYVE-1 and
podoplanin across tissue sections (Fig. 24 and B and Fig. S4). In
normal lung, signal from hyaluronic acid binding protein was
weak and localized to alveolar walls (Fig. S5); in IPF lung,
hyaluronic acid staining localized in areas of fibroblastic prolif-
eration and alveolar walls (Fig. 2D and F and Fig. S5). The
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specificity of the reaction was confirmed by the absence of
staining in samples pretreated with hyaluronidase before immu-
noreaction (Fig. 2H).

Prolymphangiogenic Proteins in BALF. To investigate for soluble
prolymphangiogenic factors in the lung, BALF samples from 15
subjects with IPF and 14 healthy volunteers were analyzed. As
shown in Table 1, concentrations of monocyte chemotactic
protein (MCP)-1, hepatocyte growth factor (HGF), and tissue
inhibitor of metalloproteinase (TIMP)-1 were markedly higher
in the BALF samples from subjects with IPF (13.8 = 2.5, 13.2 =
2.9, and 202 = 30.1 ng/mL, respectively) compared with those
from healthy volunteers (6.2 *+ 3,7.4 = 1.1, and 141 + 31 ng/mL,
respectively) (P < .05). Conversely, concentrations of VEGF and
VEGF-C were significantly higher in the BALF samples from
healthy volunteers (43.1 £ 10.5 and 9.2 + 1.5 ng/mL, respec-
tively) compared with those from the subjects with IPF (4.6 =
0.9 and 2.6 = 0.6 ng/mL, respectively) (P < .0001). VEGF-D
concentrations did not differ significantly between the 2 groups
(9.9 = 5.5 vs. 6.1 = 2.7 ng/mL; P > .05). Concentrations of
CCL21, a chemokine secreted by LECs, were significantly
higher in the subjects with IPF (1.22 = 0.23 vs. 0.76 = 0.09
pg/mL; P = .029).

BALF from Subjects with IPF Induces Increased LEC Migration, an Effect
Enhanced by Treatment with Hyaluronidase. To assess the potential
effects of soluble factors in BALF on lymphangiogenesis, sam-
ples from healthy volunteers and subjects with IPF were added
to endothelial cells in migration assays. The samples from
healthy volunteers caused no statistically significant increase in
LEC migration (P > .05), but the samples from the subjects with
IPF produced a significant increase in LEC migration (P < .005)
(Fig. 3). Migration assays using BALF samples that had been
incubated with function-blocking antibodies against MCP-1,
HGF, and TIMP-1 (factors elevated in BALF from the subjects
with IPF) demonstrated no statistically significant change in
LEC migration pattern (data not shown).
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Fig. 2. Presence of hyaluronic acid and LYVE-1-positive vessels in IPF lung.
Immunofluorescence staining of paraffin-embedded sections of IPF lung tis-
sue shows LYVE-1 (green) in lymphatic vessels in a representative single
confocal microscopy optical section (A) and in 3-dimensional reconstruction
images of lymphatic vessels (B). Fibroblastic areas (C and D) and alveolar walls
(E and F) displaying positive staining for hyaluronic acid (red) are presented as
merged images of hyaluronic acid (red), DAPI (blue) with (C and E) or without
(D and F) an autofluorescence signal (green). Pretreatment of the tissue
sections with hyaluronidase abolished hyaluronic acid reactivity (G and H),
whereas autofluorescence remained unchanged (G). Cell nuclei were stained
with DAPI (blue).

When cleaved by hyaluronidase, hyaluronic acid (or hyaluro-
nan), a ligand that binds to many cell surface receptors present
on the surface of LECs, generates small-fragment hyaluronic
acid (14), which has increased activity (15). Agarose gel elec-
trophoresis found that BALF from subjects with IPF at baseline
contained both large- and short-fragment hyaluronic acid. After
hyaluronidase treatment, almost all of the large-fragment hyal-
uronic acid was eliminated, and the amount of short-fragment
hyaluronic acid subsequently increased (data not shown). To
explore the role of short-fragment hyaluronic acid in migration
and proliferation, IPF BALF with and without hyaluronidase
treatment was used in migration and proliferation experiments.
Hyaluronidase-treated IPF BALF caused a statistically signifi-
cant increase in LEC migration and proliferation compared with
untreated IPF BALF (P < .05 and .01, respectively) (Fig. 3B and
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Table 1. Concentrations of lymphangiogenic proteins in BALF
samples from subjects with IPF and healthy volunteers

Healthy
IPF subjects volunteers

(n = 15) (n = 14) Pvalue
VEGF-D, ng/mL 99 55 6.1 £ 2.747 .239
VEGF-C, ng/mL 2.6 = 0.67 93+ 1.6 <.005
VEGF, ng/mL 46 +94 43.1 = 10.6 <.005
FGF, ng/mL 0.67 £ 0.11 0.89 £ 0.21 .366
HGF, ng/mL 13.2 29 74 *+1.2 .031
MCP-1, ng/mL 13.8 = 2.5 6.2 £ 3.0 .026
TIMP-1, ng/mL 202 + 30.1 140.8 = 30.7 .019
TIMP-2, ng/mL 66.1 = 11.7 65.9 + 9.7 .903
CCL21, pg/mL* 1.220 £ 0.232 0.766 = 0.091 .029

Values are reported as mean = SD.
*Quantification of CCL21 was performed separately in BALF samples from 30
subjects with IPF and 65 healthy volunteers.

C). Moreover, the addition of short-fragment hyaluronic acid to
healthy volunteer BALF resulted in a statistically significant
increase in LEC migration (Fig. S6).

CD11b* Macrophages from Subjects with IPF Form Lymphatic-Like
Tubes in Vitro. It has been suggested that CD11b* macrophages
are capable of forming lymphatic tubes both in vivo and in vitro
(6, 16). To investigate whether CD11b* macrophages in BALF
would form lymphatic-like vessels, cells from BALF of IPF
subjects and healthy volunteers were analyzed by flow cytometry
to isolate a CD45%/CD14*/CD11b* population, which was
grown in Matrigel (BD Biosciences) . No significant differences
in the percentages of CD14*/CD11b* cells in BALF were found
between the 2 groups (P = .542) (Fig. S7).

When grown in Matrigel for 31 days, CD11b* alveolar mac-
rophages from 2 of 4 subjects with IPF formed tube-like struc-
tures with diameters of ~120 um (Fig. 44). Fluorescent staining
of the cells with CellTracker Orange and Hoechst allowed
visualization and imaging of the tubes deep within the matrix
(Fig. 4B) and 3-dimensional reconstruction of the tubular struc-
ture (Fig. 4C-F and Movie S1). In contrast, CD45"/CD14*/
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Fig. 3. Migration of lymphatic endothelial cells is induced by BALF from
subjects with IPF in vitro and enhanced by treatment of BALF with hyaluron-
idase. (A) Cultured LECs were incubated in migration assays with BALF from
subjects with IPF and from healthy volunteers. LEC migration was significantly
greater in assays with the BALF from the subjects with IPF (***P < .005). FBS
(10%) and PBS were used as positive and negative controls, respectively. IPF
BALF was incubated at 37 °C overnight without or with hyaluronidase. This
treatment generated small-fragment hyaluronic acid with increased LEC mi-
gration and proliferation activities. (B) Hyaluronidase treatment significantly
increased the effects of IPF BALF on LEC migration (*P < .05). (C) Hyaluroni-
dase treatment also increased the effect of IPF BALF on the proliferation of
EGFP-expressing LECs (**P < .01).
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Fig. 4. CD11b™" alveolar macrophages in IPF develop tube-like structures in
vitro. CD11b* alveolar macrophages were cultured in Matrigel for up to 31
days and inspected under white light, or after fluorescent labeling of cyto-
plasm (CellTracker Orange) and nuclei (Hoechst). Large tube-like structures
(150 um diameter) were observed when cells from subjects with IPF were
cultured. Representative tubular structures are shown in DIC (A) and fluores-
cence-overlaid images (B). Series of confocal images were collected along the
z-axis up to depths of =120 um and imported in Imaris software to reconstruct
3-dimensional renderings of these tubes (C-F). These images reveal large (100
um deep), complex cellular structures with lumens consistent with vessel-like
structures. In contrast, as shown in DIC (G) and overlaid fluorescence (H)
images, CD11b* alveolar macrophages from healthy volunteers did not form
tube-like structures.

CD11b* cells from 5 healthy volunteers did not form tubular
structures when grown in Matrigel (Fig. 4G and H). CD45"/
CD11b~ cells from subjects in both groups did not form tubular
structures (data not shown).

We further investigated whether the tube-like structures
formed by cultured CD11b* alveolar macrophages from subjects
with IPF expressed lymphatic markers and found expression
using anti-podoplanin and anti-LYVE-1 antibodies (Fig. 5A-C).
Although the cells from healthy volunteers were reactive with
anti-LYVE-1 antibodies, they did not form the tube-like struc-
tures after 31 days in culture.

Discussion

Here we report for the first time the presence of newly formed
lymphatic vessels in IPF. Lymphatic vessels were found early in
the disease process and increased in size with increasing disease
severity. We have identified 2 potential mechanisms for this
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lymphangiogenic response. Specifically, our data demonstrate
that short-fragment hyaluronic acid present in the BALF from
subjects with IPF enhanced LEC migration and proliferation,
and that CD11b" alveolar macrophages from subjects with IPF
can transdifferentiate into LECs.

New lymphatic vessels associated with tissue injury and repair
are thought to arise from existing lymphatic vessels (17). Normal
lung parenchyma is generally devoid of lymphatics, except for
lymphatic vessels within bronchovascular tissue. However, lym-
phatic vasculature was identified in alveolar spaces of IPF lung,
suggesting a role for progenitor cells. Because bronchoalveolar
fluid contains abundant macrophages, which can serve as pro-
genitors for LECs (6), we explored the possibility that a sub-
population of alveolar macrophages may transdifferentiate into
LECs. Consistent with this possibility, we found that CD11b*
alveolar macrophages formed lymphatic-like tubes that ex-
pressed LYVE-1 and podoplanin when grown in a 3-dimensional
matrix. Notably, transdifferentiation of CD11b™" alveolar mac-
rophages was observed in cells from subjects with IPF, but not
in those from healthy volunteers. Although this capacity of
CD11b™* macrophages has been described in animal models (6,
18), our findings of transdifferentiation of macrophages from the
lung in human disease are novel.

It is interesting that CD11b* alveolar macrophages isolated
from healthy volunteers expressed LYVE-1, but did not form
tubular structures. This finding seems to suggest that lym-
phangiogenic substances in the alveolar microenvironment in
IPF may have long-standing effects, or perhaps may remain
associated with CD11b* alveolar macrophages that promote
transdifferentiation into LECs. Alternatively, it is possible that
proteins capable of inhibiting lymphangiogenesis exist in the
normal alveolar milieu and may induce partial long-term sup-
pression of transdifferentiation of CD11b* alveolar macro-
phages into LECs. Although the mechanism of alveolar macro-
phage transdifferentiation in IPF is not fully understood,
functional differences in alveolar macrophages derived from
subjects with IPF and healthy volunteers have been reported
previously (11, 19-21). Further investigation into the regulation
of CD11b* alveolar macrophage transdifferentiation in normal
and disease conditions may elucidate this process.

In inflammatory conditions, the growth of lymphatic vessels
mirrors that of blood vessels (17, 22, 23). We investigated
whether short-fragment hyaluronic acid, which can enhance the
development of blood vasculature in IPF (24), is also capable of
stimulating lymphangiogenesis. We found hyaluronic acid in the
alveolar interstitium in the subjects with IPF. In the lung,
hyaluronidase (which cleaves hyaluronic acid) can be produced
by fibroblasts, epithelial cells, and alveolar macrophages, but the
mechanism responsible for generating short-fragment hyal-
uronic acid in vivo is unknown (25). We found that BALF from
subjects with IPF, known to be enriched in hyaluronic acid (26),
induced more migration of LECs than BALF from healthy
volunteers. This difference in LEC migration cannot be ex-
plained by dilution of the BALF, because some measured
proteins were higher in the BALF from healthy volunteers.
Consistent with previous findings (14), incubation of IPF BALF
with hyaluronidase generated larger amounts of short-fragment
hyaluronic acid, which we found significantly increased LEC
migration and proliferation. Furthermore, supplementation of
healthy volunteer BALF with short-fragment hyaluronic acid
increased LEC migration. The actions of hyaluronic acid on
endothelial cells have been reported to be mediated through
CD44 for proliferation and through RHAMM for migration
(27); these receptors are likely to be redundant, however (28).
These findings demonstrate the importance of short-fragment
hyaluronic acid in the lymphangiogenic response in IPF, and
suggest a new role for hyaluronic acid in the pathogenesis of
fibrotic lung disease.
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Fig. 5.

Tube-like structures formed by CD11b* alveolar macrophages express LEC markers. After culturing in Matrigel for up to 31 days, cells were fixed,

permeabilized, and stained by indirect immunofluorescence for LYVE-1 (green) (A) and podoplanin (red) (B). (C) A merged DIC and fluorescence image shows
tube-like structures in the IPF samples that were reactive with LEC markers, anti-LYVE-1, and anti-podoplanin antibodies. (D-F) In contrast, cells from healthy
volunteers show reactivity with anti-LYVE-1 antibodies outlining their periphery (D), without the formation of tube-like structures. Representative cells are
shown in DIC and fluorescence-overlaid images. Cell nuclei were stained by DAPI (blue).

While investigating growth factors possibly involved in the lym-
phangiogenic process, we found that airway epithelium, alveolar
epithelial cells, and alveolar macrophages all were immunopositive
for VEGF-C in the lung sections of subjects with IPF (Fig. S8). The
low levels of VEGF-C in the BALF samples may be explained by
the destruction of alveolar spaces in IPF and resulting decreased
production of VEGF-C by alveolar epithelial cells. Although total
VEGF-C levels are lower, local production of VEGF-C may exist,
which could be critical for lymphatic development. The low levels
of VEGF-C, which is necessary for lymphatic vessel sprouting (29),
may account for the increase in size, but not in number, of lymphatic
vessels with increasing disease severity.

Lymphangiogenesis likely is detrimental in IPF, in which the
lymphatic vessels appear early in the disease and in areas with
relatively few other abnormalities. In a mouse model of asthma,
the lymphangiogenic response, which followed the angiogenic
response, failed to regress after the inciting stimulus was stopped
(23). Moreover, in lymphedema, where the primary disturbance
is in the lymphatic circulation, chronic injury results in skin
fibrosis (30). The fibrotic process in IPF may be a result of
chemokines, such as CCL21 secreted by LECs (31), which we
found to be markedly elevated in the BALF of subjects with IPF.
In IPF, CCL21 recruits immature dendritic cells to form orga-
nized lymphoid bodies (2). Intriguingly, recent evidence indi-
cates that proliferation of IPF fibroblasts is enhanced by CCR-7,
the receptor for CCL21 (32), suggesting that lymphatic endo-
thelial cells could promote the fibrotic process in IPF.

As recognition of the importance of the lymphatic circulation
in cancer and inflammation has increased, various inhibitors of
lymphangiogenesis have been identified, some of which are
currently in clinical trials for refractory cancer (33, 34). The
potential use of lymphangiogenesis inhibitors in the treatment of
IPF is complicated by 3 factors, however: (i) the known scientific
concerns regarding the relevance of bleomycin-induced lung
injury as a model for pulmonary fibrosis (35), (ii) the difficulty
in evaluating the functionality of newly formed lymphatic vessels,
and (iif) the mechanisms of action, because most lymphangio-
genesis inhibitors interfere with VEGF-C and VEGF-D signal-
ing by blocking ligand-binding or receptor action at the surface
of LECs. Our data indicate that VEGF-C and VEGF-D probably
are not the driving molecules of lymphangiogenesis in IPF. A
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better strategy would be to block the recruitment of dendritic
cells and IPF-derived fibroblasts by LEC by blocking CCL21 or
its receptor CCR-7 (36, 37).

Our findings provide strong evidence that lymphangiogenesis is
a key element in lung injury and repair in IPF. Lymphangiogenesis
is driven, at least partially, by mediators of inflammation (e.g.,
hyaluronic acid) and inflammatory cells (e.g., activated CD11b™*
macrophages). The roles of newly formed lymphatic vessels in the
pathogenesis of disease remain to be elucidated, but defining the
events leading to lymphatic vessel formation may offer new under-
standing and therapeutic options for this fatal disease.

Methods

Subject Selection. Subjects with IPF and healthy volunteers were enrolled in
protocols approved by the Institutional Review Board of the National Heart,
Lung and Blood Institute (99-H-0068 and 04-H-0211). The diagnosis of IPF was
established according to previously published criteria (38, 39). Characteristics
of subjects with IPF whose BALF was used in protein measurements, cell
migration, and proliferation assays are summarized in Table S2. Subjects with
IPF and healthy volunteers whose cells were studied in tubulation assays are
described in Table S3. The healthy volunteers had no clinical evidence of lung
disease and normal chest radiograph and pulmonary function test results.

Antibodies. The antibodies used in this study are listed in Table S4.

Immunohistochemistry and Immunofluorescence. Formalin-fixed, paraffin-
embedded tissue sections obtained from lung explants or open lung biopsy
from 12 subjects with IPF and 3 normal lungs, rejected for transplantation,
were analyzed. To identify lymphatic vessels in tissue sections, monoclonal
antibodies that are specific for podoplanin (D2-40), a marker of lymphatic
endothelial cells (40), were used. To visualize blood vessel endothelial cells,
anti-CD34 monoclonal antibody was used (41). CD34 is a panendothelial
marker. Vessels reactive to anti-CD34 antibodies but not to anti-D2-40 anti-
bodies were considered blood vessels. To identify hyaluronic acid, serial lung
sections with or without pretreatment with Streptomyces hyaluronictus hy-
aluronidase (100 TRU; Seikagaku) at 60 °Cfor 2 h were incubated with 2 ug/mL
of biotinylated hyaluronic acid-binding protein (bHABP; Seikagaku) over-
night at 4 °C (42). Tissue sections also were incubated with anti-LYVE-1 rabbit
polyclonal antibodies. Reactions were detected using TexasRed-labeled
streptavidin (for bHABP) and FITC-labeled goat anti-rabbit antibodies (for
LYVE-1). Nuclei were stained with DAPI.

Microscopy and Image Analysis. Tissue sections incubated with anti-D2-40 and
anti-CD34 antibodies were inspected using wide-field microscopy with an
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upright microscope (Nikon E-1000). Images were acquired with a Nikon DXM-
1200CCD color digital camera using Nikon ACT1 software. Morphometric
analyses were performed using 15 digital images per section imported into
ImagelJ v1.36b (National Institutes of Health) (43). The differentially immuno-
stained lymphatic and blood vessels were identified and traced manually by a
blinded investigator (B.A.W.); diameters, cross-sectional area, and perimeter
were quantified.

Chemokine Levels. Chemokines were assayed using SearchLight proteome
arrays (Pierce Biotechnology), as described in SI Methods.

Migration and Proliferation Assays. Cell chemotaxis and proliferation were
assayed as described in SI Methods.

Fluorescence-Activated Cell Sorting. Bronchoscopy, BALF procurement and
isolation of CD45%/CD14"/CD11b™" are described in SI Methods.

Tubulogenesis Assay Using CD11b* Macrophages. FACS-sorted CD45%/CD14*/
CD11b* cells were seeded at a density of 1.5 X 10° cells/mL in 500 uL of EBM-2
(Lonza) containing 3% FBS on a Matrigel layer prepared by mixing 100 uL of
growth factor-reduced Matrigel with 100 uL of EBM-2 plated on coverglass
4-chamber slides (Nunc). Tube formation was monitored microscopically for
31 days (6). Cells in Matrigel were then stained with 2 uM CellTracker Orange
(MP C 2927) and nuclei were stained with 10 uM Hoechst (33324) for 30 min
at 37 °C. Cells were inspected with a Zeiss LSM510 confocal microscope using
a20 X 0.75NA objective and single optical sections. Series of images along the
z-axis were collected at depths of up to ~150 um throughout the tube-like
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structures. The series of images were imported into Imaris 6.1.5 software
(Bitplane), overlaid, and 3-dimensionally reconstructed. In addition, whole-
mount preparations were analyzed by indirect immunofluorescence, using
anti-LYVE-1 and anti-podoplanin antibodies as described previously. To assess
cellular localization at higher resolution, images were obtained using a 40 X
1.4 NA plan Apochromat oil-immersion objective on a Zeiss 510 confocal
microscope equipped with UV-Vis laser lines. Single optical sections and series
of images along the z-axis were collected, overlaid, and analyzed.

Statistical Analysis. Data are expressed as mean = SE for n number of samples.
The significance of differences between means were evaluated using the
paired or unpaired Student’s t-test, the Mann-Whitney test, or ANOVA as
appropriate. If a significant difference was found, then a group-by-group
comparison was done. A P value < .05 was considered significant. Analyses
were performed using GraphPad Prism version 4.00 for Windows.
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