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Milk fat globule epidermal growth factor 8 (Mfge8) is a soluble glycoprotein known to regulate inflamma-
tion and immunity by mediating apoptotic cell clearance. Since fibrosis can occur as a result of exaggerated
apoptosis and inflammation, we set out to investigate the hypothesis that Mfge8 might negatively regulate
tissue fibrosis. We report here that Mfge8 does decrease the severity of tissue fibrosis in a mouse model of
pulmonary fibrosis; however, it does so not through effects on inflammation and apoptotic cell clearance, but
by binding and targeting collagen for cellular uptake through its discoidin domains. Initial analysis revealed
that Mfge8~- mice exhibited enhanced pulmonary fibrosis after bleomycin-induced lung injury. However, they
did not have increased inflammation or impaired apoptotic cell clearance after lung injury compared with
Mfge8** mice; rather, they had a defect in collagen turnover. Further experiments indicated that Mfge8 directly
bound collagen and that Mfge8~- macrophages exhibited defective collagen uptake that could be rescued by
recombinant Mfge8 containing at least one discoidin domain. These data demonstrate a critical role for Mfge8

in decreasing the severity of murine tissue fibrosis by facilitating the removal of accumulated collagen.

Introduction
Fibrotic diseases are characterized by replacement of normal tissue
architecture with collagen-rich matrix, disrupting organ function
(1-4). In the lung, fibrosis can occur due to abnormal remodeling
after acute lung injury, in the setting of systemic autoimmune and
inflammatory disease, or as an idiopathic process (5). The produc-
tion, deposition, and removal of collagen are dynamic processes, with
the balance between collagen production and removal determining
tissue architecture (6). When persistent collagen production outpac-
es or overwhelms mechanisms that remove collagen, excess collagen
is deposited in the extracellular matrix, leading to tissue fibrosis.
The molecular pathways responsible for collagen turnover
remain incompletely described. Collagen turnover occurs by two
pathways, extracellular proteolytic cleavage (7) and endocyto-
sis followed by lysosomal degradation (6). Extracellular collagen
cleavage facilitates subsequent intracellular uptake (8). Very little
is known about molecules that mediate collagen endocytosis.
Milk fat globule epidermal growth factor 8 (Mfge8) is a soluble
glycoprotein that negatively regulates inflammation and autoim-
munity by facilitating the clearance of apoptotic cells (9-11). Since
fibrosis can occur as a consequence of exaggerated apoptosis and
inflammation (12, 13), we hypothesized that Mfge8 may function
as a negative regulator of tissue fibrosis. In this report, we show
that mice deficient in Mfge8 (Mfge8~/~ mice) develop exaggerated
pulmonary fibrosis after bleomycin treatment. Surprisingly, how-
ever, this phenotype is not a consequence of impaired apoptotic
cell clearance, exaggerated inflammation, or a more severe acute
phase of lung injury. Instead, we find that Mfge8~~ mice have a
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defect in collagen turnover in vivo that is caused by a previously
unknown role for Mfge8 in binding and targeting collagen for
uptake by macrophages. Mfge87/~ macrophages have impaired
collagen uptake. We further identify the first discoidin domain
of Mfge8 as sufficient for collagen binding and internalization.
In this work, we show what we believe to be the first pathway by
which a secreted glycoprotein binds collagen and targets it for
removal from the extracellular matrix.

Results

Mfge8 is expressed throughout the lung, and expression is increased after
injury. To determine the lung expression pattern of Mfge8, we
stained sections taken from adult Mfge8"/* mice with the anti-
Mfge8 antibody 4F6 (9). Mfge8 was present in the alveolar inter-
stitium as well as in the pulmonary vasculature (Figure 1, A and
B). Alveolar macrophages obtained by bronchoalveolar lavage
(BAL) stained positively for Mfge8 (Figure 1C). To determine
whether lung injury induced Mfge8 expression, we challenged
mice with the chemotherapeutic agent bleomycin. Bleomycin
induces an early acute lung injury response (week 1) character-
ized by vascular leak and inflammation followed by pulmonary
fibrosis (14). While by immunohistochemical analysis, all saline-
treated alveolar macrophages expressed some Mfge8 (Figure 1C),
the intensity of expression was increased 5 days after bleomy-
cin administration (Figure 1D). We also evaluated whole-lung
expression of Mfge8. Mfge8 was induced in the first week after
injury. Interestingly, increased expression persisted at 14, 21,
and 28 days, suggesting a role for Mfge8 in the fibrotic stage of
bleomycin injury (Figure 1E). To determine whether the human
ortholog of Mfge8, lactadherin (15, 16), was induced in fibrotic
disease in humans, we evaluated expression in samples taken
from the lungs of patients with idiopathic pulmonary fibrosis
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Mfge8 expression is induced by lung injury. (A and B) Lung sections taken from adult wild-type mice
were stained with anti-Mfge8 antibody. Mfge8 was expressed in the alveolar interstitium (arrow in A)
and pulmonary endothelium (arrow in B). Scale bars: 10 um. (C and D) Alveolar macrophages were
obtained by BAL after saline administration (C) or 5 days after bleomycin administration (5 U/kg) (D).
Mfge8 staining was present in macrophages from saline-treated animals (C), and the intensity of
expression increased after bleomycin treatment (D). Scale bars: 10 um. (E) Ten micrograms of protein
from total lung homogenates taken at the indicated days after bleomycin treatment (1.1 U/kg) or 7
days after saline treatment was loaded for a Western blot using an anti-Mfge8 antibody. An antibody
against Crk was used to demonstrate equal loading of protein. (F) One microgram of protein from lung
homogenates obtained from human patients with IPF was loaded for a Western blot using an anti-lac-
tadherin antibody (Lact.). Control samples were from lungs rejected for transplantation. An antibody

against Crk was used to demonstrate loading of protein.

(IPF) (Figure 1F). Lactadherin expression was increased in all 4
IPF samples evaluated as compared with control samples taken
from nonfibrotic lungs rejected for transplantation.

Mfge8 deficiency results in an exaggerated fibrotic response to bleomy-
cin. Since Mfge8 regulates apoptosis and inflammation, processes
closely linked with tissue fibrosis, and bleomycin induces Mfge8
expression in the lung, we evaluated the role of Mfge8 in bleo-
mycin-induced pulmonary fibrosis. Mfge8~7~ mice were challenged
with intratracheal bleomycin (1.1 U/kg), and the severity of pul-
monary fibrosis was evaluated at 28 days. Histologically, Mfge8~/~
mice had more extensive deposition of collagen fibrils than con-
trol mice in tissue sections stained with picrosirius red (Figure 2,
A and B). To quantify lung fibrosis biochemically, we measured
total lung hydroxyproline content 28 days after bleomycin treat-
ment. In our initial phenotypic evaluation, Mfge8~~ and control
mice were maintained in a mixed-strain background (C57BL/6
x 129/0la), and we used heterozygous littermates as controls. In
these studies, Mfge8”/~ mice had significantly greater total lung
hydroxyproline content than Mfge8"/~ littermate controls (Fig-
ure 2C). Once we had backcrossed mice 6 generations into the
CS57BL/6 background, we confirmed our phenotype by repeating
the measurements of lung hydroxyproline content. Mfge8~~ mice
had significantly greater fibrosis than Mfge8”* controls 28 days
after bleomycin treatment (Figure 2D).

Enhanced fibrosis in Mfge8~/~ mice is not associated with impaired apop-
totic cell clearance, increased inflammation, or a more severe acute phase
of lung injury. We next evaluated whether exaggerated fibrosis was
associated with impaired apoptotic cell clearance. We first evalu-
ated the efficacy of apoptotic cell clearance in vivo in adult Mfge8~/~
mice by administering an intratracheal bolus of apoptotic thy-
mocytes. We then quantified the phagocytic index (representing
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time points evaluated, we found no
significant difference in the number
of apoptotic cells in Mfge87/~ mice
(Figure 3, B and C). After bleomycin
treatment but prior to lung harvest,
we obtained BAL samples to quan-
tify the in vivo phagocytic index of
the alveolar macrophages. Once
again, we found no difference in the
phagocytic index of Mfge8~~ alveolar
macrophages (Figure 3, D and E). As
another measure of apoptotic cell
clearance, we quantified the propor-
tion (Figure 3F) and number (data not shown) of free apoptotic
cells recovered by BAL after injury and found no differences. All
of these studies except those represented in Figure 3C were carried
out in the mixed-strain background using heterozygous control
mice. In summary, the exaggerated pulmonary fibrosis in Mfge8~/~
mice does not appear to be associated with any abnormality in
clearance of apoptotic cells from the lung.

We next evaluated the severity of inflammation after bleomycin
treatment by quantifying BAL cell number and type. Mfge8 defi-
ciency did not lead to an exaggerated inflammatory response either
with high-dose bleomycin (5 U/kg, Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI40053DS1) used for acute lung injury studies in a mixed-strain
background with Mfge8*~ controls or bleomycin at a dose used to
induce fibrosis (1.1 U/kg, Supplemental Figure 1B) in a pure-strain
background using Mfge8”* controls. There were no consistent dif-
ferences in interstitial inflammation in tissue sections (data not
shown) or in the number of infiltrating neutrophils in lung sections
as revealed by staining with anti-Gr1 antibody 24 hours after bleo-
mycin administration (Supplemental Figure 1C). We also quanti-
fied expression of myeloperoxidase in lung lysates as a marker of
neutrophil infiltration 3 days after bleomycin administration and
saw no difference between genotypes (Supplemental Figure 1D).
As an additional method to evaluate differences in inflammation,
we measured gene expression of markers of neutrophils and mac-
rophages 14 days after bleomycin treatment (Supplemental Figure
1E). Though expression of all markers increased in bleomycin- ver-
sus saline-treated mice, there were no differences between Mfge8~/~
and control mice. Next we evaluated the extent of the acute lung
injury response by quantifying the severity of lung vascular leak 5
days after bleomycin treatment (5 U/kg) and found no difference
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Mfge8--mice develop exaggerated pulmonary fibrosis after injury. (A and B) Picrosirius red staining of lung sections from Mfge8++ (A) and Mfge8-"-
(B) mice taken 28 days after bleomycin administration (1.1 U/kg). Scale bars: 100 um. (C and D) Biochemical analysis of bleomycin-induced pul-
monary fibrosis. Pulmonary fibrosis measured by total lung hydroxyproline content at baseline and 28 days after bleomycin treatment in mice in a
mixed-strain background (C) or pure-strain background (D). Data are presented as mean + SEM (n = 6-8 for saline [Sal] and 10—14 for bleomycin
[Bleo] treatment groups). *P = 0.004 (C) and *P = 0.01 (D) using Student’s t test to compare bleomycin-treated Mfge8++ and Mfge8-- mice.

between Mfge8~~ mice (Supplemental Figure 1F) in a mixed-strain
background and Mfge8”~ controls or Mfge87~ mice (Supplemental
Figure 1G) in a pure-strain background and Mfge8”* controls. All
subsequent studies were carried out in a pure-strain background

with Mfge8** controls.

Mfge8~/~ mice have impaired collagen degradation in vivo. An increase in
lung hydroxyproline content after injury can represent an increase
in production or a defect in turnover of collagen. To determine

whether Mfge8 deficiency led to an increase in col-
lagen production, we measured procollagen tran-
script production by gene expression array 14 days
after bleomycin injury (1.1 U/kg) (17, 18). While
bleomycin induced the expression of multiple pro-
collagen transcripts in both Mfge8~~ and control
mice, the relative induction was similar (Supple-
mental Figure 2A). We confirmed these results
for procollagen lo transcripts on days 7 and 14
with real-time PCR (Supplemental Figure 2B). To
confirm that the lack of differences in procollagen
gene transcription indicated quantitatively simi-
lar collagen production in bleomycin-challenged
Mfge8/~ and control mice, we measured the rates
of collagen synthesis. We measured collagen syn-
thesis by quantifying incorporation of deuterium
into hydroxyproline (19). We replaced the drink-
ing water of mice at the time of bleomycin injec-
tion with deuterated water (?H,O) for 14 days and
then measured the incorporation of deuterium
(*H) into the stable C-H bonds of hydroxyproline
in newly synthesized collagen by gas chromatog-
raphy/mass spectroscopy (GC/MS) (19). Adminis-
tration of bleomycin induced a significant increase
in collagen synthesis; however, consistent with our
collagen transcript data, there were no significant
differences in the rates of synthesis between Mfge8~~
and control mice (Supplemental Figure 2C). Total
lung hydroxyproline content at this time point was
also similar in Mfge8~~ and control mice (Supple-
mental Figure 2D).

We also evaluated whether Mfge8/~ mice had
an in vivo increase in myofibroblasts, the cell
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type that produces collagen after bleomycin-induced injury (20).
We found no difference in induction of a-smooth muscle actin
expression (a marker of myofibroblasts) (Supplemental Figure
2E) or in the number of myofibroblasts in the lung as determined
by immunohistochemical quantification (Supplemental Figure
2F). These data indicate that the increase in fibrosis in Mfge8~~
mice was due to a defect in collagen removal rather than an
increase in collagen production.
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Figure 3

Mfge8-- mice have intact apoptotic cell clearance in vivo after bleomycin treatment. (A)
Apoptotic thymocytes were instilled intratracheally and the phagocytic index of alveolar
macrophages obtained by BAL 30 minutes after instillation was similar in Mfge8-- and
Mfge8+- controls (n = 5-6). (B) Tissue sections taken from Mfge8-- and Mfge8+- mice at
the indicated hours and days after bleomycin treatment (5 U/kg) were stained by TUNEL
assay, and the number of apoptotic cells per x200 fields (15 fields) was quantified (n = 4-10).
(C) Sections taken from Mfge8-- and Mfge8++ mice 9 days after bleomycin (1.1 U/kg)
treatment were stained by TUNEL as described in B (n = 3—-4). (D-F) Cytospin prepara-
tions from BAL samples after bleomycin treatment (5 U/kg) were stained with Diff-Quick
(D) or TUNEL (F), and the number of apoptotic cell ingestions (arrows in D; and E) and
percentage of free apoptotic nuclei (F) were quantified (n = 5-8). There was no differ-
ence in number of TUNEL-positive cells, alveolar macrophage phagocytic index, or free
apoptotic nuclei between Mfge8-- and control samples. All comparisons were made
using Student’s t test, and data are expressed as mean + SEM.
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Mfge8 mediates collagen uptake in vitro. (A) Primary alveolar macrophages were cultured for 30 minutes with FITC-conjugated type | collagen,
and uptake was evaluated by fluorescence microscopy (red arrows). Scale bar: 10 um. (B) Ingestion of collagen was quantified as the collagen
uptake index (CUI: number of macrophages with ingestions divided by the total number of macrophages counted). The addition of unlabeled type |
collagen (25, 50, 150 ug/ml) inhibited uptake of FITC-conjugated collagen in a dose-dependent fashion (*P < 0.001, 1-way ANOVA with Bonfer-
roni t test for multiple comparisons; n = 3—4; data are expressed as percent control relative to wild-type uptake). (C) Alveolar macrophages from
Mfge8-- mice had significantly impaired collagen uptake index as compared with Mfge8++ alveolar macrophages. (*P = 0.001, 1-way ANOVA
with Bonferroni t test for multiple comparisons; n = 3-5). Addition of rMfge8 (ug/ml) rescued collagen uptake in Mfge8-- alveolar macrophages
(**P =0.007, ***P = 0.023). (D) Addition of rMfge8 (ug/ml) increased collagen uptake in Mfge8++ alveolar macrophages under serum-starved
conditions (*P = 0.009, Student’s t test to compare indicated columns; n = 5-6). Data are presented as mean + SEM.

Mfge8 targets collagen for uptake by macrophages. Collagen is cleaved
in the extracellular matrix by proteases and subsequently internal-
ized and degraded in lysosomes (8). Mfge8 contains 2 discoidin
domains, homologous to those present in the collagen receptors
DDR1 and DDR2 (21). We therefore hypothesized that Mfge8
might bind and mediate uptake of collagen in areas of alveolar
scarring. To test this hypothesis, we designed an in vitro collagen
phagocytosis assay (Figure 4A). Alveolar macrophages were cul-
tured with FITC-conjugated type I collagen, and internalization
of collagen was quantified by fluorescence microscopy. In initial
studies (Figure 4B), we showed that addition of increasing doses
of type I collagen that was not conjugated with FITC inhibited the
uptake of FITC-conjugated collagen in a dose-dependent fashion.
We then compared uptake of FITC-conjugated collagen by alveo-
lar macrophages taken from Mfge87/~ and Mfge8*/* mice. Alveolar
macrophages from Mfge8~~ mice had significantly impaired colla-
gen uptake as measured by the collagen uptake index (Figure 4C).
Addition of recombinant Mfge8 (rMfge8) restored the collagen
uptake index to Mfge8”* levels in a dose-dependent fashion (Fig-
ure 4C). In the absence of serum, addition of rMfge8 also increased
Mfge8** macrophage collagen uptake index (Figure 4D).

We next evaluated collagen uptake by alveolar macrophages in
vivo by placing FITC-conjugated type I collagen into the airways
by intratracheal injection. Alveolar macrophages recovered by BAL
from Mfge8~~ mice had significantly impaired collagen uptake (Fig-
ure 5, A and B). In a complementary approach to evaluating in vivo
uptake, we quantified the number of retained collagen particles
in lung sections after BAL was performed with 10 ml of fluid to
remove unbound collagen. There were significantly fewer retained
collagen particles in the lung after BAL in Mfge8/~ mice (Figure
5, C and D). We next evaluated whether fibroblasts used Mfge8
for collagen uptake in vitro. Mfge8~~ lung fibroblasts did not have
impaired collagen uptake in vitro, and the addition of rMfge8 did
not increase fibroblast collagen uptake (Figure 6, A and B).

Mfge8 deficiency does not affect extracellular collagen degradation. We
next evaluated whether proteolytic collagen degradation in the
extracellular matrix was affected by Mfge8 deficiency. We mea-
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sured mRNA transcript levels of proteases with known roles in
lung injury and fibrosis 14 days after bleomycin administration
by gene expression array (22-24). There were no significant differ-
ences in levels of metalloproteinase (MMP); TIMP1; cathepsins B,
D, L, and K; or urokinase (Supplemental Figure 3A). We also found
no difference in the enzymatic activity of MMP2 and MMP9, two
proteases with important roles in lung fibrosis (25-27), by gela-
tin zymography of lung homogenates taken at 7, 14, 21, and 28
days after bleomycin injury (Supplemental Figure 3B and data not
shown). We also evaluated the production of MMP8 (neutrophil
collagenase) by Western blot on days 3 and 14 after bleomycin
treatment and found no difference between Mfge8~/~ and control
mice (Supplemental Figure 3, C and D).

We were next interested in whether Mfge8 deficiency led to a
functional impairment in collagen-degrading capacity in the
lung. To answer this question, we evaluated the ability of both
alveolar macrophages and bleomycin-treated lung tissue lysates
from Mfge8/~ and control mice to degrade collagen. The FITC-
conjugated collagen molecule is supersaturated with fluores-
cein such that the close proximity of the fluorescein molecules
quenches the fluorescent signal. Proteolytic degradation of col-
lagen results in separation of the fluorescent dye and an increase
in the fluorescent signal, which can then be used to quantify col-
lagen cleavage. We therefore cultured alveolar macrophages from
Mfge8~/~ and control mice for 30 minutes with FITC-conjugated
type I collagen and measured the fluorescent signal to quantify
collagen degradation. We found no difference in collagen degra-
dation between experimental groups (Supplemental Figure 3E).
We next evaluated whether lung homogenates had increased
collagen-degrading activity by incubating equal concentrations
of lung lysates taken from mice 14 and 21 days after bleomycin
treatment or saline treatment with FITC-conjugated collagen and
measuring degradation by the intensity of the fluorescent signal.
In both Mfge8~~ and control mice, lung lysates had increased col-
lagen-degrading activity after bleomycin treatment as compared
with saline treatment, but there was no significant difference
between groups (Supplemental Figure 3F).
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Mfge8 mediates collagen uptake in vivo. (A) Alveolar macrophages obtained by BAL 30 minutes after
intratracheal injection of FITC-conjugated type | collagen were examined by fluorescence microscopy
for collagen uptake (red arrow). Scale bar: 10 um. (B) Mfge8-- alveolar macrophages had significantly
impaired collagen uptake in vivo (*P = 0.009, Student’s t test; n = 6). (C) Frozen sections taken from lungs
after intratracheal collagen injection were counterstained with DAPI, and the number of retained colla-
gen particles divided by the total number of nuclei in each section was quantified. Scale bar: 10 um. (D)
Mfge8-- lungs retained significantly fewer collagen particles (*P = 0.047 using a Student’s t test, n = 4).

Data are presented as mean + SEM.

Mfge8-mediated collagen internalization is independent of RGD-binding
integrins. Mfge8 contains an integrin-binding RGD sequence in its
second EGF-like domain that is bound by o35 or ofs integrins
(10, 28). These integrins are critical for Mfge8-mediated uptake of
apoptotic cells (10, 11). We first confirmed that the o3 and o,
integrins mediated cell adhesion to rMfge8, whereas other RGD-
binding integrins, asf1, o fs, or oPs, did not (data not shown). We
then evaluated the roles of o.f3; or o, s integrins in Mfge8-mediated
collagen uptake. GRGDSP had no effect on collagen uptake in vitro
at concentrations up to 10 mM (Supplemental Figure 4A). Alveolar
macrophages taken from integrin 57-33*~ or B57/-B3~~ mice had
intact collagen uptake in vitro (Supplemental Figure 4B). B57/-33*/~
or 5737~ mice did not have an enhanced fibrotic response to
bleomycin (Supplemental Figure 4C). These data indicate that
Mfge8-mediated collagen endocytosis, in contrast to uptake of
apoptotic cells, is independent of RGD binding integrins.

The first discoidin domain of Mfge8 is sufficient for collagen binding and
uptake. We next determined the domain of Mfge8 that mediates
collagen binding and uptake. Mfge8 contains 2 EGF-like domains
at its N terminus and 2 discoidin domains at its C terminus. We
created a series of Mfge8 constructs fused to the human Fc (huFc)
domain (Figure 7A). We used surface plasmon resonance to evalu-
ate Mfge8-collagen interaction and found a dose-dependent bind-
ing of collagen to immobilized full-length Mfge8 construct (Figure
7,B and C). While collagen bound a construct containing only the
first discoidin domain of Mfge8 (Dd1) similar to the full-length
construct (Figure 7D), collagen did not bind a construct lacking
both discoidin domains (Ndd) (Figure 7E). To prove that the first
discoidin domain could mediate collagen uptake, we evaluated
the ability of each construct to rescue in vitro collagen uptake in
Mfge8~/~ alveolar macrophages. Dd1 significantly increased the
collagen uptake index, while the Ndd construct had no signifi-
cant effect (Figure 7F). These data indicate that the first discoidin
domain of Mfge8 is sufficient for collagen binding and uptake.

Discussion

Since its initial description as a milk fat protein, Mfge8 has been
shown to have a number of roles, including the regulation of
apoptotic cell clearance, autoimmunity, neoangiogenesis, and

The Journal of Clinical Investigation

htep://www.jci.org

research article

o

sperm-egg binding (9, 11, 16,
29). We have found a critical
role for Mfge8 in negatively reg-
ulating tissue fibrosis mediated
by a mechanism that is inde-
pendent of any of its previously
described functions.

Several lines of evidence sup-
port a model by which Mfge8
binds collagen that has accu-
mulated in the extracellular
space and targets it for uptake
and turnover by macrophages.
Mfge8 binds collagen directly.
Mfge8/~ macrophages have
impaired collagen internaliza-
tion in vitro, and this defect is
rescued with the addition of
rMfge8. Mfge8/~ macrophages
have impaired collagen uptake
invivo. After bleomycin-induced
lung fibrosis, Mfge8~~ mice have an increase in total lung collagen
content without a relative increase in collagen production.

The content of collagen in the extracellular matrix is precisely
regulated by the balance between collagen production and col-
lagen degradation both under homeostatic conditions and in
conditions of rapid matrix remodeling such as wound healing.
Tissue fibrosis occurs when collagen production outpaces colla-
gen degradation. Several of the molecular processes that result in
increased collagen production after injury have been extensively
characterized. In lung fibrosis, a paradigm has emerged whereby
fibroblasts migrate into damaged air spaces and under the influ-
ence of activated TGF-f differentiate into myofibroblasts (30).
Myofibroblasts (and fibroblasts) then deposit collagen, produc-
ing tissue fibrosis (20). Lysophosphatidic acid (LPA) signaling
through the LPA1 receptor recruits fibroblasts into the air spaces
(31), while TGF-f promotes both transformation of fibroblasts
into myofibroblasts and production of collagen by fibroblasts.
The in vivo relevance of these pathways is apparent in that mice
deficient in the LPA1 receptor or the o.fs integrin (a potent acti-
vator of TGF- in the lung) are completely protected from bleo-
mycin-induced lung fibrosis (31, 32).

Surprisingly little is known about the normal homeostatic path-
ways responsible for collagen removal. In the extracellular matrix,
collagen fibers are cleaved and denatured by matrix MMPs (MMP1,
MMP13, and MMP14) and further degraded by the gelatinases
(MMP2, MMP9) (33-35). The intracellular pathway of collagen
degradation involves phagocytosis and lysosomal degradation of
collagen by cathepsins (6, 36, 37). MMP cleavage and fragmenta-
tion of collagen prior to internalization are also important for this
pathway (34), with one group reporting that a much lower rate
of internalization can occur despite MMP inhibition (8). A few of
the steps involved in collagen uptake by cells have been defined.
The a,f and 03p: bind collagen, and inhibition of these integrins
reduces phagocytosis of collagen-coated beads (38). The uPARAP/
Endo180 receptor, a member of the mannose macrophage recep-
tor family, binds collagen directly, and fibroblasts deficient in this
molecule are unable to internalize collagen in vitro (8, 39). Inter-
estingly, in our model Mfge8 does not increase in vitro fibroblast
collagen uptake, suggesting that the uPARAP/Endo180 mecha-
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Mfge8-'- fibroblasts do not have impaired collagen uptake. (A and
B) Primary lung fibroblasts from Mfge8-- and Mfge8++ mice at pas-
sage 4 were incubated for 90 minutes with FITC-conjugated type |
collagen, and unbound/uningested collagen was removed with mul-
tiple washes. Cells were then incubated with 50 ug/ml trypsin and
50 ug/ml proteinase K to remove membrane-bound collagen. Collagen
in the membrane-bound portion (supernatant after enzymatic treat-
ment) and intracellular portion (pellet remaining after enzymatic treat-
ment) was quantified by a spectrofluorometer. There was no difference
in membrane-bound (A) or intracellular (B) collagen with or without the
addition of rMfge8 (13 ug/ml). Data are presented as mean + SEM.

nism of collagen uptake may be dominant in fibroblasts. The in
vivo roles of fibroblast receptors that mediate collagen uptake in
regulating tissue fibrosis after injury are unknown.

The results presented here provide the first evidence to our
knowledge that an extracellular glycoprotein binds and targets
collagen for internalization and intracellular turnover. We have
also identified a functional role for the first discoidin domain of
Mfge8. The discoidin domains of the cell-surface receptors DDR1
and DDR2 also bind collagen (40, 41). However, binding of col-
lagen by these receptors leads to receptor phosphorylation and
downstream signaling rather than collagen ingestion (42). We
show what we believe to be the first example of a discoidin domain
targeting collagen for cellular uptake.

The second discoidin domain of Mfge8 binds phosphatidyl-
serine residues on apoptotic cells and bridges them to the of;
or o,fs integrins on phagocytes (10, 28). We did not find a role
for either of these integrins in collagen phagocytosis. Wheth-
er uptake is triggered by a specific receptor or by interaction
between Mfge8 and the phagocytic cell surface is unclear. In
sperm-egg binding, a model has been proposed by which the first
discoidin domain binds sperm and the second domain binds the
oocyte, bridging the two together (29). Alternatively, Mfge8 may
form dimers through its EGF-like domains, with the discoidin
domains serving to bridge sperm to the oocyte (29) or in our case
collagen to the macrophage.

It is important to consider whether impaired apoptotic cell
clearance in Mfge8~~ mice contributed to the increase in fibrosis.
Our initial hypothesis was that impaired clearance of apoptotic
cells may directly induce fibrosis, and we had set out to investi-
gate the relationship between apoptosis and fibrosis (12). Based
on our work in the mammary gland and the work of others (9-11),
we expected to see a role for Mfge8 in apoptotic cell clearance
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after injury in the lung. We could not, however, find evidence of
impaired in vivo apoptotic cell clearance in the lungs of bleomy-
cin-treated Mfge8~~ mice.

The lack of an absolute increase in apoptotic cell numbers does
not exclude the possibility that alternate pathways of clearance
could have induced pulmonary fibrosis while still removing apop-
totic cells in a timely manner. Several recent publications have
shown that Mfge8-independent apoptotic cell clearance induces
phagocyte release of IL-18 and IL-6 (43, 44), cytokines that induce
inflammation and fibrosis (45, 46). Conversely, Mfge8-dependent
apoptotic cell clearance has been shown to induce the release of
TGF-f, a profibrotic and antiinflammatory cytokine (32, 44). We
found no increase in tissue inflammation after bleomycin admin-
istration in Mfge8~~ mice, indicating that cytokine-induced inflam-
mation is not likely to be the explanation for increased fibrosis.
Furthermore, an increase in fibrosis due to excessive inflammation
or TGF-f release and activation would occur through increases in
myofibroblast accumulation and collagen production. Our find-
ings indicate that Mfge8 deficiency does not result in increased
myofibroblast accumulation or collagen production. Furthermore,
Mfge8-independent apoptotic cell clearance would be expected to
resultin less, not more, TGF-f production, so the effects of loss of
Mfge8 on this pathway would be expected to protect against the
development of fibrosis.

Another important consideration is whether partially cleaved
but uncleared collagen fragments could have induced neutrophil-
ic inflammation by acting as chemoattractants in the lung (47,
48). Our data suggest that this did not occur in bleomycin-treated
Mfge87/~ mice, since we could not find an increase in lung neutro-
phils or inflammation-induced increases in collagen production.

The fact that wild-type mice make Mfge8 in response to bleo-
mycin and do develop fibrosis (albeit to a lesser extent than their
knockout counterparts) indicates that Mfge8-dependent collagen
clearance is a pathway that can be saturated with persistent col-
lagen production. A similar pattern is apparent in lung samples
of patients with IPF, all of which have increased expression of the
human ortholog of Mfge8, lactadherin (16). Whether pathologi-
cal fibrosis occurs simply due to overwhelming collagen produc-
tion or a combination of persistent collagen production coupled
with impaired collagen degradation has yet to be determined.
Interestingly, in some forms of pharmaceutically induced fibro-
sis, the phagocytic capacity of fibroblasts is severely reduced,
suggesting that collagen turnover pathways can be inhibited (49,
50). As we learn more about the pathways responsible for remod-
eling and removal of collagen from the extracellular matrix, we
can begin to dissect out the relative contribution of increased col-
lagen production and impaired collagen degradation to fibrotic
disease. The high prevalence and lack of treatment for fibrotic
diseases underscore the importance of a better understanding of
the endogenous pathways that mediate removal of collagen from
the extracellular matrix.

Methods
Reagents. The rabbit anti-Mfge8 monoclonal antibody (4F6) (9) was used
for immunohistochemistry, and anti-Mfge8 antibody from R&D was used
for Western blotting. Lactadherin antibody was purchased from R&D;
Crk antibody was purchased from BD Biosciences; MMP8 and myelo-
peroxidase heavy chain antibodies were purchased from Santa Cruz Bio-
technology Inc.; anti-Gr1 antibody was purchased from eBioscience; and
a-smooth muscle antibody was purchased from Sigma-Aldrich. FITC-
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The first discoidin domain of Mfge8 is sufficient for collagen binding and uptake. (A) Constructs containing full-length (FI) Mfge8, Mfge8 lacking
the terminal discoidin domain (Dd1), or both discoidin domains (Ndd) fused to a huFc domain were immobilized on a Biacore CM5 chip, and
binding to increasing doses of collagen was evaluated. P/T represents a domain present in the long isoform of Mfge8 that is rich in proline and
threonine. (B) Collagen bound full-length Mfge8 in a dose-dependent fashion with a K5 of 733 nM. (C) Flow plot demonstrating dose-dependent
binding of collagen to immobilized full-length construct. Black line, 16 nM; filled squares, 31 nM; open diamonds, 63 nM; filled circles, 125 nM;
open triangles, 250 nM; filled diamonds, 500 nM. (D) Flow plot demonstrating dose-dependent binding of collagen to immobilized Dd1 construct.
(E) Flow plot demonstrating no binding of collagen to the Ndd construct. (F) The ability of constructs (13 ug/ml) to rescue the defect in alveolar
macrophage collagen uptake was evaluated in vitro. Dd1 construct rescued Mfge8-- alveolar macrophage collagen uptake, while the Ndd con-
struct had no significant effect (*P = 0.01, 1-way ANOVA with Bonferroni t test; n = 3—4). Data are presented as mean + SEM.

collagen type I was purchased from Invitrogen and rat tail type I collagen
from Sigma-Aldrich. rMfge8 was purchased from R&D. GRGDSP and
GRGESP were purchased from Anaspec.

Mfge8-deficient mice. Mice functionally deficient in Mfge8 were created
using a gene trap vector and have been previously characterized (9, 16).
Initial studies were conducted in a mixed-strain background (C57BL/6
x 129/0la Mfge8”~ littermates used as controls), and subsequent studies
were conducted in mice backcrossed 6 or 10 generations into the C57BL/6
background (Mfge8** used as controls) or 10 generations into the 129/SvEv
background. Mice in the 129/SvEv background were used only in studies
in Supplemental Figure 4. All experimental protocols were approved by the
UCSF IACUC for animal studies.

Tissue sample accrual and processing. Written informed consent was obtained
from all subjects, and the study was approved by the UCSF Committee on
Human Research. IPF lung tissues were obtained at the time of diagnostic
lung biopsy. IPF patients underwent a history, physical examination, high-res-
olution computed tomography, pulmonary function testing, and diagnostic
lung biopsy. In all cases, the pathologic diagnosis was usual interstitial pneu-
monia (UIP), and the consensus clinical diagnosis was IPF. Normal human
lung tissue was obtained from lungs not used by the Northern California
Transplant Donor Network. After harvest, lung tissue was directly snap-fro-
zen in liquid nitrogen. Samples were stored at -80°C until use for experi-
ments. For immunoblotting, frozen lung tissue was pulverized in a stainless
steel tissue pulverizer (Fisher Scientific), pre-cooled in liquid nitrogen, then
immediately lysed in RIPA buffer prior to separation by SDS-PAGE.

Immunohistochemistry. Tissues were fixed with 4% paraformaldehyde
or zinc-based formalin (Z-FIX, ANATECH) and embedded in paraffin,
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and 5-um sections were treated with 0.2% trypsin for 15 minutes for
antigen retrieval. After blocking for 1 hour with 1% BSA/5% goat serum,
sections were incubated at room temperature for 1-2 hours with pri-
mary antibody, followed by a biotinylated secondary antibody (Vector)
for 45 minutes, followed by ABC reagent (Vector) for 30 minutes and
liquid diaminobenzidine (Sigma-Aldrich). Sections were counterstained
with hematoxylin or methyl green. a-Smooth muscle actin-positive
cells taken from 25 randomly selected high-power fields (x200) were
quantified. For frozen sections, lungs were inflated with 1.5 ml of OCT
medium after BAL was performed, and S-um sections were air dried,
washed in PBS, and fixed in acetone. After 1 hour of blocking with 5%
rat serum, anti-Grl antibody was added for 60 minutes and washed
off; Alexa Fluor 594 anti-rat (Invitrogen) was added for 30 minutes
and washed off; and sections were coverslipped with anti-fade solution
containing DAPI (Vector). The number of Grl-positive cells per 10 ran-
domly selected x200 fields was quantified by an investigator blinded to
the genotype of tissue sections.

Bleomycin model of pulmonary fibrosis. Eight- to- 10-week-old sex-matched
mice were anesthetized, and bleomycin (1.1 U/kg Blenoxane) was instilled
directly into the trachea after cut-down. Twenty-eight (C57BL/6 or mixed-
strain) or 56 (129/SvEv strain) days after treatment, lungs were removed,
homogenized, precipitated with trichloroacetic acid, and baked overnight
at 110°C in HCL Samples were reconstituted with 2 ml of water, and
hydroxyproline content was measured using a colorimetric chloramine T
assay. Some lungs were inflated with 4% PFA to a pressure of 25 cm H,O,
processed, and embedded in paraffin, and then 5-um sections were stained
with picrosirius red for evaluation of fibrosis.
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Evaluation of collagen production with deuterated water. Eight- to-10 week-old
sex-matched mice were injected with a single bolus i.p. dose of 100% deuter-
ated water (Isotec, Sigma-Aldrich) with 0.9% NaCl, an isosmotic solution
delivered at 35 ul/g body mass, at the same time as they received bleomy-
cin. Subsequently, normal drinking water was replaced with 8% deuterated
water to maintain the animal’s total body water at 5% enrichment of deu-
terated water for a period of 14 days. Mice were then euthanized, and their
lungs removed and processed by mass spectrometry analysis.

Preparation of sample for mass spectrometric analysis. The derivatization of
hydroxyproline for GC/MS analysis has been described previously (19).
Briefly, tissue was homogenized with a bead mill in normal abundance
(non-deuterated) water, and the homogenate was subjected to 2 rounds
of acetone precipitation at -20°C in order to obtain the total tissue
protein for hydroxyproline assessment. The proteins were hydrolyzed
by incubation in 6N HCI, dried under vacuum, and then suspended in
a solution of 50% acetonitrile, S0 mM K,HPO,, and pentafluorobenzyl
bromide before incubation. Derivatives were extracted into ethyl acetate,
and the top layer was removed and dried by vacuum centrifugation. In
order to acetylate the hydroxyl moiety of hydroxyproline, we incubated
samples with a solution of acetonitrile, N-methyl-N-[tert-butyldimethyl-si
Iyl]erifluoroacetamide, and methylimidazole. This material was extracted
in petroleum ether and dried with Na,SOs.

GC/MS analysis of derivatized hydroxyproline. Analysis of the derivatized
hydroxyproline was performed on astandard quadrupole GC/MS instrument
(Agilent 5973/6980) in negative chemical ionization mode (NCI-GC/MS),
with helium as carrier and methane as reagent gas. The column used was
a DB17 ZB-50 column (J&W Scientific, Agilent). Selected ion monitoring
was performed on ions with mass-to-charge ratios (m/z) of 424 and 425,
which will include all of the carbon-hydrogen bonds from hydroxyproline.
The mole fraction of the M1 mass isotopomer was calculated as the ratio
of peak areas: M1/(MO + M1). Incorporation of ?H into hydroxyproline
was calculated as the excess mole fraction of M1 (EM1) above the M1 mole
fraction in unlabeled standards at the same abundance. Fractional turn-
over (f), the fraction of newly synthesized hydroxyproline, was calculated
as EM1/EM1%, where EM1* represents the EM1 of a newly synthesized
molecule. EM1* was calculated from measured body water 2H,O enrich-
ments as previously described (19).

Analysis of body 2H>0 enrichments in body water. ’H,O enrichment in plas-
ma samples was measured as previously described (51) using a Series 3000
Cycloidal mass spectrometer (Monitor Instruments).

Evaluation of phagocytic index in vivo. Mice were treated with bleomycin,
and at indicated time points alveolar macrophages were obtained by BAL.
Cytospin preparations were stained with Diff-Quick (Fisher Scientific)
and the number of ingestions per macrophage quantified. The phagocytic
index represents the number of ingestions per macrophages counted. A
minimum of 300 macrophages were counted, and the investigator was
blinded to the genotype of each sample.

BAL. Mice were euthanized, the trachea cannulated, and serial 0.9-ml
lavage was performed with ice cold PBS with 1 mM EDTA for a total of
4.5 ml for evaluation of inflammation after bleomycin treatment. Cells
were treated with rbc lysis buffer, after which a cell count was obtained
by hemocytometer. Cytospin slides were prepared and stained with Diff-
Quick reagent and the percentage of inflammatory cell types determined
using a light microscope (Supplemental Figure 1, A and B).

TUNEL assay. Five-micrometer sections taken from mice treated with bleo-
mycin were stained with TUNEL assay (ApopTag, Chemicon), and the num-
ber of apoptotic cells taken from 15 randomly selected high-power fields
(x200) was quantified. For determination of the number of free apoptotic
cells recovered by BAL, cytospin preparations were stained with TUNEL
assay and the number and proportion of apoptotic cells quantified.
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Expression arrays/real-time PCR. Seven and 14 days after treatment with
bleomycin (1.1 U/kg), mice were sacrificed, and lungs were removed and
RNA extracted using a QIAGEN RNeasy Midi kit following the manufac-
turer’s instructions. After confirming acceptable RNA quality with Agi-
lent nanotechnology, expression arrays were done using an Agilent Mouse
One-Color 4x44 K array platform by the UCSF Functional Genomics Core
Facility. Complementary DNA was generated from total RNA using a first-
strand cDNA synthesis kit (Invitrogen). Real-time PCR was performed
using SYBR Green PCR Master Mix (Invitrogen) and results analyzed on
an AB Prism 7700 analyzer (Applied Biosystems). Real-time PCR values
were normalized to B-actin RNA and expressed as fold increase in mRNA
above saline-treated controls.

Collagen uptake assay. Freshly isolated alveolar macrophages were cul-
tured for 60 minutes on glass inserts and RPMI with 0.1% BSA in either
10% mouse serum from the same genotype (Figure 4, B and C, Figure 7F,
and Supplemental Figure 4, A and B) or under serum-free conditions
(Figure 4D). FITC-conjugated type I collagen (50 ug/ml) was added for
30 minutes at 37°C. After 30 minutes, inserts were washed several times
to remove unbound/uningested collagen, counterstained with DAPI,
and mounted on slides. Slides were examined with fluorescence micros-
copy using a Leica DM 5000B camera with Spot 4.5 acquisition software;
images were obtained at x200 magnification, and a minimum of 500 cells
were analyzed for evidence of collagen binding/ingestion. Investigators
were blinded to the experimental conditions when quantifying collagen
uptake. The collagen uptake index represented the number of ingestions
per macrophages counted and was expressed as percentage of wild-type
uptake. Absolute uptake numbers ranged from 1.5% to 4% for wild-type
macrophages. Only cells that visually had collagen surrounded by a rim of
cytoplasm were considered to have uptake. The software program Merge 2
(Venning Graphic Utilities) was used to merge images of FITC (represent-
ing collagen) and phase contrast (to see cytoplasm) to determine whether
collagen was internalized. In preliminary studies, cells that were visually
considered as having uptake were further analyzed with Z-plane stacked
imaging using a Leica CTR 6000 camera and Image-Pro 5.1 (Media Cyber-
netics) acquisition software to determine whether collagen was ingested
or bound. For collagen to be considered ingested, the maximum fluores-
cence signal of the FITC (representing collagen) and DAPI (representing
macrophage nuclei) had to be present at the same level, and there had
to be a clear rim of cytoplasm between the FITC signal and the outside
of the cell. Using these criteria, 70% of cells (of 100 counted) that were
considered to have uptake by visual analysis had uptake according to
Z-plane analysis. Therefore, the in vitro collagen uptake index represents
both ingested (70%) and bound (30%) collagen.

For all inhibitor studies and studies with recombinant protein, com-
pounds were added to macrophages 30 minutes prior to initiation of
the uptake assay.

For the in vivo uptake assay, 60 ug of collagen in 60 ul H,O was placed
intratracheally; 30 minutes later, alveolar macrophages were recov-
ered by BAL and cytospin preparations made with DAPI counterstain,
and the proportion of macrophages with ingestions was quantified by
fluorescence microscopy and expressed as percent control of wild-type
macrophage uptake. The actual percentage of wild-type macrophage
uptake in vivo was 39. Mouse lungs were further lavaged with 10 ml
PBS to remove residual collagen and then inflated with 1.5 cc of OCT
medium and prepared for frozen sectioning. Five-micrometer sections
were counterstained with DAPI, and the number of collagen particles
per total number of nuclei counted in the section was quantified from
S randomly selected high-power fields (x200) and expressed as percent
control of wild-type. The actual proportion of retained nuclei in wild-
type sections was 15%.
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Fibroblast collagen uptake assay. For fibroblast uptake assays, lung fibro-
blasts were isolated by digesting whole lung with Blendzyme 3 (Roche).
After 4 passages in vitro, fibroblasts were plated at a concentration of
50,000 cells per 24-well plate overnight in 10% FCS DMEM. Fibroblasts
were then washed 3 times with PBS and incubated in media containing
10% mouse serum of the same genotype as the fibroblasts. FITC-conju-
gated type I collagen (50 pg/ml) was added for 90 minutes, after which the
cells were washed vigorously with PBS. Fibroblasts were then incubated
with 50 ug/ml trypsin and 50 ug/ml proteinase K at 37°C for 5 minutes,
after which they were removed and centrifuged, and the supernatant con-
taining the membrane-bound collagen cleaved by proteolytic treatment
was separated. The remaining pellet was lysed with 0.1 M NaOH to release
intracellular collagen, and fluorescence was measured in both the super-
natant and pellet using a spectrofluorometer (Tecan).

Collagen degradation assays. For the in vitro assay, isolated alveolar macro-
phages were cultured in black 96-well black plates in triplicate. Cells were
plated at a concentration of 50,000 cells per well in PBS with 1 ug/ml of
FITC-conjugated type I collagen (Invitrogen) in a total volume of 100 ul.
The FITC-conjugated collagen from Invitrogen is designed for enzymatic
assays and is supersaturated with FITC. When the collagen is cleaved, the
fluorescent signal increases. After 30 minutes, fluorescence was quantified
using a spectrofluorometer (Tecan). The fluorescent signal from control
wells containing only collagen was subtracted from that from wells con-
taining macrophages and collagen.

For the assay using in vivo samples, 10 ug of total lung homogenates
from saline- and bleomycin-treated mice were incubated at 37°C with
FITC-conjugated type I collagen (10 ug/ml) in duplicate. After 60 minutes,
fluorescence was quantified using a spectrofluorometer (Tecan). The fluo-
rescent signal from control wells containing only collagen was subtracted
from that from wells containing tissue lysates and collagen.

Mfge8 constructs. RNA taken from the involuting mouse mammary
gland was extracted using TRIzol following the manufacturer’s instruc-
tions (Invitrogen). Full-length Mfge8 was cloned into the pMIB/V5-His
vector (Invitrogen) using the sequences 5'-GGCATGCTAAGCTTGTCTG-
GTGACTTCTGTGACTCCAGCCTGTGC-3' (Mfge8 forward primer) and
5'-GGCGGCACTAGTTCTGCCTTCGATACAGCCCAGCAGCTCCAG-3'
(Mfge8 reverse primer). The huFc domain was cloned into the vector using
the sequences 5'-GGCGGCACTAGTGCACCTGAACTCCTGGGGGGACC-
GTC-3' (Fc forward primer) and 5'-TATCTGCAGAATTCTCATTTACCC-
GGAGACAGGGAGAGGCTC-3' (Fc reverse primer). For the Dd1 and Ndd
construct, the primers 5'-GGCATGCTAAGCTTGTCTGGTGACTTCT-
GTGACTCCAGCCTGTGC-3' (Mfge8 forward primer), 5'-GGCGGCAC-
TAGTTCTGCCTTCGATGCCCAGGAGCTCGAAGCG-3' (Dd1 reverse
primer), and 5'-GGCGGCACTAGTTCTGCCTTCGATGGAGGCTAG-
GTTGTTGGA-3' (Ndd reverse primer) were used to obtain cDNA that was
then inserted into the pMIB/V5-His vector containing huFc after enzy-
matic digestion and removal of the full-length construct. High Five cells
were transfected with each vector using Cellfectin reagent (Invitrogen) and
recombinant protein isolated by binding on a protein G column and elut-
ing with a pH gradient.
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Surface plasmon resonance. Proteins were immobilized on different flow cells
of a Biacore CMS5 chip and analyzed on a Biacore T100. The dextran surface
on the chip was first activated by injection of a 1:1 mixture of N-hydroxy-
succinimide and N-ethyl-NP-[(3-dimethylamino)-propyl]-carbodiimide
hydrochloride (GE Healthcare). Proteins were then diluted to 20 ug/ml
in 10 mM sodium acetate at pH 4.5 and injected to equal mass density of
3,000 response units (RU) on the surface. The remaining active sites on the
surface were then blocked with 1 M ethanolamine-HCl, and washed with
HEPES-buffered saline with 0.05% P-20. Type I collagen was diluted into
running buffer (PBS with 0.05% Tween-20) and injected at different con-
centrations at a flow rate of 30 ul/min in duplicate with intermittent blank
injections of running buffer alone. The surfaces were regenerated after each
injection to remove residual bound collagen by injection of 2 M NaCl and
washing with running buffer. The response for each flow cell was represent-
ed in reference to a flow cell with EGFR1-Fc immobilized and subtracted by
the average response of the blank injections over each surface.

Evaluation of vascular permeability. Five days after treatment with intratra-
cheal bleomycin (5 U/kg), mice were administered 0.5 uCi of ['?5I]albumin
by i.p. injection. Four hours later, they were sacrificed and their lungs
removed and homogenized. A blood sample was used to calculate the
hematocrit. Vascular permeability was expressed as extravascular plasma
equivalents (EVPE), the ratio of radioactive counts in the lung (after sub-
traction of counts attributable to the blood content within the lung) to
counts in the plasma (52).

Statistics. Paired data columns were evaluated using Student’s ¢ test with
Microsoft Office Excel 2007. One-way ANOVA was used for comparison
of multiple data columns using SigmaStat 3.11 (SYSTAT), and when dif-
ferences were statistically significant, this was followed with a Bonferroni
t test for subsequent pairwise analysis. Data were tested for normality and

variance, and a P value less than 0.05 was considered significant.
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