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Pulmonary immunity depends on the ability of leuko-
cytes to neutralize potentially harmful and frequent
insults to the lung, and appropriate regulation of
leukocyte migration and adhesion is integral to this
process. Arhgef1 is a hematopoietic-restricted signal-
ing molecule that regulates leukocyte migration and
integrin-mediated adhesion. To explore a possible
regulatory role for Arhgef1 in pulmonary immunity
we examined the lung and its leukocytes in wild-type
and Arhgef1-deficient animals. Here we report that
the lungs of Arhgef1�/� mice harbored significantly
more leukocytes, increased expression and activity of
matrix metalloproteinases (MMPs), airspace enlarge-
ment, and decreased lung elastance compared with
wild-type lungs. Transfer of Arhgef1�/� lung leuko-
cytes to wild-type mice led to airspace enlargement
and impaired lung function, indicating that loss of
Arhgef1 in leukocytes was sufficient to induce pulmo-
nary pathology. Furthermore, we showed that Arhgef1-
deficient peritoneal macrophages when either in-
jected into the lungs of wild-type mice or cultured on
fibronectin significantly increased expression and ac-
tivity of MMPs relative to control macrophages, and
the in vitro fibronectin induction was dependent on
the �5�1 integrin pair. Together these data demon-
strate that Arhgef1 regulates �5�1-mediated MMP ex-
pression by macrophages and that loss of Arhgef1 by
leukocytes leads to pulmonary pathology. (Am J
Pathol 2010, 176:1157–1168; DOI: 10.2353/ajpath.2010.090200)

Leukocytes are resident in the lungs of healthy individu-
als and are necessary for the innate and adaptive im-
mune response toward potentially harmful foreign anti-

gens that are exposed to the lung on a constant basis.
Protection provided by innate lung immunity is controlled
in part through the action of sentinel alveolar macro-
phages (AMs)1 and alveolar epithelial cells.2 Integrin-
mediated signaling is a critical component of macro-
phage function and has been shown to be important for
pulmonary immunity.3,4 Furthermore, expression of extra-
cellular matrix proteins are increased in several types of
immune-related lung disease including chronic obstruc-
tive pulmonary disease (COPD).5

Inappropriate regulation of pulmonary immune func-
tion has significant consequences and contributes to a
number of lung diseases. In particular, it has been shown
that the severity of COPD in humans correlates with the
extent of inflammatory cell infiltrate comprising macro-
phages, neutrophils, CD4, CD8, and B lymphocytes.6

COPD has also been characterized by lung tissue dam-
age, elevated production of matrix metalloproteinases
(MMPs) by pulmonary leukocytes, and impaired lung
function.7–9 Precisely how, if at all, the increased leu-
kocyte presence leads to lung pathology is not yet
established.

Leukocytes migrate in response to chemoattractants
that signal via G-protein– coupled receptors to polarize
the cell.10 Cell polarization is accomplished by the local-
ized activation within the cell of Rho GTPase family mem-
bers where Cdc42 and Rac are activated at the migrating
cell leading edge and Rho at the trailing edge.10 Arhgef1
(Human Genome Organization nomenclature, formerly
known as Lsc in mouse and p115RhoGEF in humans) is
an intracellular protein restricted in expression to hema-
topoietic cells that regulates signaling from select G-
protein– coupled receptors as well as RhoA activa-
tion.11,12 Characterization of Arhgef1�/� mice by our lab,
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and similar mouse mutants by others, have demonstrated
a role for Arhgef1 in regulating leukocyte migration and
adhesion.13–16

We have previously demonstrated that T lymphocytes
depend on Arhgef1 to mount an adaptive secondary
immune response to airway challenge.17 In the course of
those studies, we found that naïve Arhgef1-deficient
lungs reproducibly harbor an increased number of leu-
kocytes compared with wild-type controls.17 To deter-
mine whether this increased presence of pulmonary
leukocytes has functional consequences, we exam-
ined mutant pulmonary leukocytes and lung function in
Arhgef1�/� mice in the absence of experimental chal-
lenge. In this report, we show that loss of Arhgef1 expres-
sion by pulmonary leukocytes leads to airspace enlarge-
ment and decreased lung elastance and that elevated
integrin-mediated expression of MMPs by mutant macro-
phages likely contributes to lung pathology.

Materials and Methods

Animals

Arhgef1-deficient15 and wild-type C57BL/6 mice (ob-
tained from the Jackson Laboratory, Bar Harbor, ME)
were maintained in our animal colony. All experiments
with animals were approved by the Institutional Animal
Care and use Committee.

Histological Analysis

For histological examination lungs were inflated via a
cannula to 25 cm of pressure with 4% paraformaldehyde,
immersed for 24 hours, imbedded in paraffin, and stained
with hematoxylin and eosin.

Bronchoalveolar Lavage

Lungs were lavaged with Hanks’ balanced salt solution
with 5 mmol/L EDTA and counted on a Z2 particle count
and size analyzer (Beckman Coulter, Fullerton, CA). Sub-
sets of bronchoalveolar lavage (BAL) samples were cyto-
centrifuged (Cytospin 2; Shandon Ltd, Runcorn, Cheshire,
UK) and stained with Leukostat (Fisher Diagnostics, Pitts-
burgh, PA).

Lung Digest

Leukocytes were isolated from perfused lungs after treatment
with collagenase types II and IV (Sigma-Aldrich, St. Louis, MO)
and dispase II (Roche, Basel, Switzerland), as previously
described.17 An aliquot of resuspended cells was enumer-
ated as described above for BAL leukocyte analysis.

Flow Cytometry

After isolation of leukocytes, cells were stained using
standard methods and the following antibodies. Leuko-
cytes were identified using a pan-CD45 antibody (30-

F11; eBiosciences, San Diego, CA) and Gr-1 (17–5931-81
eBiosciences), B220 or CD3 for identification of neutrophils,
B cells, and T cells respectively, and back-gated during
analysis to confirm appropriate forward and 90° light
scatter. CD4 and CD8 staining further differentiated T
cell subsets. Monocytes and macrophages were de-
termined by F4/80� (MCA497PE, Serotec, Raleigh,
NC) staining and either small or large forward scatter
respectively. Data were collected with a FACSCalibur
(BD Pharmingen, San Diego, CA) and analyzed with
FlowJo 4.3 software (Tree Star, Inc., Ashland, OR).

Lung Mechanics

Lung mechanics were assessed as previously de-
scribed18 using the Flexivent (Scireq, Montreal, Canada)
small animal ventilator. For animals at 3 months of age
and older, a stepwise inflation up to 1.2 ml of air was
applied to the lungs. For 3-week-old animals, 0.6 ml of air
was applied to the lungs. Pressure-volumes graphs were
generated with the expiratory phase using the pressure
and volume values obtained after a one-second pause in
piston movement.

Lung Morphometry

After measurement of lung mechanics, lung tissue was
processed as follows. Lungs were inflated to 25 cm of
pressure using a tower filled with 4% paraformaldehyde
connected to cannula. The trachea was then tied off
below the cannula, and then lungs were removed and
immersed in 4% formaldehyde for 24 hours. Lung were
then imbedded in paraffin and cut into 2- to 3-�m-thick
slices at a random orientation and stained with hematox-
ylin and eosin. Next we used a digital image analysis
approach originally described by Tschanz and Burri19

and subsequently adapted into a macro for ImagePro 4.5
(Media, Cybernetics). The number of intercepts between
the skeletonized image of the alveolar septum and the
line probes were tallied automatically and reported to a
spreadsheet. Mean linear intercept was calculated by
the formula:

Mean linear intercept �
total probe length

total number of intercepts

To ensure that measuring lung mechanics did not affect
lung morphometry we measured mean linear intercept as
described above in mice that had not been subjected to
lung mechanics measurements as well as mice that had
been subjected to lung mechanics measurements. We
found no difference in the mean linear intercept between
these two groups (data not shown).

Adoptive Transfer Experiments

Transfer of BAL Cells

BAL cells were harvested from either wild-type or
Arhgef1-deficient mice as described above using HBSS �
5 mmol/L EDTA. Lavage was pooled according to geno-

1158 Hartney et al
AJP March 2010, Vol. 176, No. 3



type, and cells were pelleted and resuspended in 40 �l of
HBSS per donor animal. 40 �l of resuspended cells were
instilled into 8-week-old wild-type recipient as previously
described for delivery of bleomycin.18 The number and
composition of cells recovered for the transfer from wild-
type and Arhgef1-deficient mice are given in the Results.
This procedure was performed on four occasions one
week apart. One week after the last instillation recipient
mice were assessed for lung mechanics and histological
analysis as previously described.

Transfer of Peritoneal Macrophages

Naïve resident peritoneal macrophages were har-
vested by peritoneal lavage with 5 to 10 ml of ice-cold
HBSS with 5 mmol/L EDTA as previously described.20

Macrophages were counted using a Z2 particle count
and size analyzer (Beckman Coulter, Fullerton, CA). Next,
macrophages from either wild-type or Arhgef1-deficient
mice were instilled in the lungs of 8-week-old wild-type
recipient mice as described for BAL leukocyte transfer.
An equal number of macrophages 5 � 106 from either
wild-type or Arhgef1-deficient mice was transferred into
recipient mice. Forty-eight hours after transfer BAL cells
and BAL supernatants were collected and analyzed for
MMP expression and activity.

Real-Time RT-PCR

Total RNA was purified using TRIzol (Invitrogen, Carlsbad
CA) according to the manufacturer’s instructions, and dif-
ferences in gene expression were determined using Real-
Time RT-PCR as previously described.21 Differences in ex-
pression between samples was determined using the
comparative threshold cycle (��CT) method as suggested
by the manufacturer (Applied Biosystems, Foster City, CA),
normalizing each sample to 18s rRNA levels (cat No.
4310893E). MMP2 (cat# Mm 00439508_m1), MMP9 (cat#
Mm00442991_m1), and MMP12 (cat# Mm00500554_m1)
gene expression was determined using primers and
probes sets purchased from Assays on Demand (Ap-
plied Biosystems).

Gelatin Zymography

Zymography was performed using Novex (Invitrogen)
Zymogram 10% gelatin gels per manufacturer’s instruc-
tions on BAL supernatant or conditioned media. All gels
were incubated at 37°C for 48 hours in developing buffer
with fresh developing buffer added after 24 hours. Pro-
tease activity was quantified by densitometric analysis
using Image Quant 5.1 (GE Healthcare, United Kingdom).

MMP Adsorption Assay

Tissue-culture 96-well plates (Costar, high binding
cat#3590, Corning Incorporated, Corning, NY) were
coated with10 �g/ml of either anti-MMP2 (R&D Systems
cat#AF1488), anti-MMP9 (R&D Systems, Minneapolis,

MN, cat#AF909), or BSA (1%). 100 �l of BAL supernatant
was incubated for two hours at room temperature. Sam-
ple was transferred to a fresh well every ten minutes to
maximize adsorption. After incubation sample was mixed
with zymogram loading buffer and gelatin zymogram was
performed as previously described.

Peritoneal Elicited Macrophages and Bone
Marrow Neutrophils

Peritoneal macrophages were obtained by peritoneal la-
vage with 5 to 10 ml of ice-cold HBSS with 5 mmol/L
EDTA from mice 5 days after intraperitoneal injection of 1
ml of sterile thioglycollate. Neutrophils were isolated from
bone marrow as previously described.22

Static Adhesion Assay

Adhesion was assayed in the following manner. Briefly,
tissue-culture 96-well plates (Costar, high binding
cat#3590) were coated with 3 �g/ml of Fc-ICAM-1 (R&D
Systems, cat# 796IC), 3 �g/ml of Fc-VCAM-1 (R&D Sys-
tems, cat#643VM), 10 �g/ml of fibronectin (Molecular
Innovations, Nori, MN, cat#MFBN), 20 �g/ml of laminin
(Invitrogen, cat # phe0033), heat denatured BSA (1%) in
DPBS without Ca�� or Mg�� (Mediatech, Inc., Manas-
sas, VA) for 2 hours at room temperature followed by
blocking with heat denatured fatty-acid-free BSA in
DPBS. Macrophages once harvested were labeled with
CellTracker Green CMFDA (Invitrogen) per manufactur-
ers instructions. Cells were resuspended in fresh DMEM
without fetal calf serum at a density of 1 � 106 cells/ml.
100 �l of the resuspended cells were added to each well
of the precoated 96-well plates. Plates were then centri-
fuged at 40g for 1 minute and examined by light micros-
copy to confirm 40% to 60% confluence. Plates were
incubated for either 1 hour or 48 hours at 37°C with 10%
CO2. Next, media was removed and DPBS was added
followed by recording of fluorescence 485 nm/535 nm for
1 second per well using a Wallac VICTOR2 plate reader.
The fluorescence at this point was used as the number of
cells plated. The media and nonadherent cells were sub-
sequently removed by inverting the plate and gently flick-
ing off the media. Next, the plate was submerged in warm
DPBS and the solution removed by inverting the plate
and gentle flicking. 100 �l of fresh warm DPBS was
added and the fluorescence measured again, and this
value was plotted against the cells plated value to deter-
mine the percentage of cells adherent. Conditions were
performed in triplicate wells, and the average of the trip-
licate was used for each condition and genotype.

Cultures of Peritoneal-Elicited Macrophages on
Integrin Ligands

Tissue-culture 96-well plates (Costar high-binding) were
coated and peritoneal-elicited macrophages (PEMs) har-
vested as described for static adhesion assays. Cells
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were resuspended in DMEM with 5% heat inactivated
fetal calf serum at a concentration of either 1.25 � 105

cells/ml for 48 hours cultures or 2.0 � 106 cells/ml for 24
hours cultures, and 100 �l of cells were added to each
well. Plates were then centrifuged at 40g for 1 minute and
then incubated for either 24 or 48 hours at 37°C with 10%
CO2. Next, cells were treated with TRIzol for RNA purifica-
tion as previously described.21 For antibody treatment ex-
periments cells were preincubated for 15 minutes with 50
�g/ml of anti-CD49E (eBiosciences, clone eBioHMa5-1) or
2 �g/ml of anti-CD29 (eBiosciences, clone eBioHMb1-1)
before plating on fibronectin for 24 hours. For zymographic
analysis of conditioned media the media was replaced after
the first 24 hours of culture with fresh DMEM without fetal
calf serum for an additional 24 hours before collection.

Statistical Analysis

All statistical analysis data are presented as mean �
SE Statistical significance for data points was deter-
mined using Student two-tailed t test. All statistical
analysis was performed with JMP IN software package
(SAS, Cary, NC).

Results

Loss of Arhgef1 Leads to an Increased
Presence of Pulmonary Leukocytes

To assess whether Arhgef1 participates in lung immunity,
histological comparisons of lungs from Arhgef1�/� and
wild-type mice from three weeks to one year of age were
performed. These analyses revealed reproducible dis-
crete leukocyte aggregates at all ages in Arhgef1-defi-
cient lung that was not typically observed in the respec-
tive controls (Figure 1A and data not shown). Higher
magnification of these accumulations indicated that
these aggregates contain lymphocytes, macrophages,
and neutrophils (Figure 1A) and was supported by im-
munofluorescent histological staining with antibodies rec-
ognizing CD3, CD11b, and Gr-1– expressing cells, re-
spectively (data not shown).

To confirm this apparent increased leukocyte pres-
ence and to begin to identify the pulmonary compartment
in which these cells were located, we performed BAL
followed by flow cytometric analysis to identify and quan-
titate leukocyte populations. Consistent with the histolog-
ical examination, Arhgef1�/� animals harbored more
macrophages, monocytes, neutrophils, and lymphocytes
(B cells and CD4 and CD8 cells) that were for all cell
types except monocytes significantly increased in num-
ber compared with wild-type controls (Figure 1B). These
data demonstrate that loss of Arhgef1 leads to a signifi-
cant increase in the number of airspace leukocytes com-
pared with wild-type.

Additionally, we extended our pulmonary leukocyte
analysis by enzymatic digestion of 3-month-old perfused
and lavaged lung tissue again followed by flow cytomet-
ric analysis. These experiments revealed that the in-
crease in leukocyte cell types in the Arhgef1-deficient

lung tissue was more restricted and modest compared
with the BAL. Specifically, the numbers of tissue macro-
phages, neutrophils, and CD4� T cells were significantly
increased relative to wild-type animals but the B cell and
CD8 T cell numbers were equivocal (Figure 1C). Our
histological analysis (Figure 1A) indicated accumulation
of leukocytes could be detected as early as 3 weeks of
age. Thus, to assess whether Arhgef1�/� leukocytes ac-
cumulate with age we enumerated BAL macrophages in
both Arhgef1-deficient and control mice at three weeks,
three months, and six months of age (Figure 1D). These
data showed that although the number of alveolar mac-
rophages in the wild-type remained relatively constant
at these different ages, the number of these cells in
Arhgef1-deficient mice increased with age and were sig-
nificantly different from controls at three months of age.
Considered together, we conclude from these data that
loss of Arhgef1 leads to chronic elevation in the number
of resident pulmonary leukocytes.

Arhgef1�/� Animals Display Pulmonary
Pathology and Impaired Respiratory Function

Our histological examination of Arhgef1�/� lungs sug-
gested a loss of alveolar septum or alveolar simplification
(Figure 1A), which is characteristic of emphysema and a
hallmark of COPD.8,9 Furthermore, loss of alveolar struc-
ture is reflected in both airspace enlargement and loss
of elastic recoil of the lungs and we evaluated both
properties in mutant and wild-type animals throughout
development.

To evaluate lung elastic properties, we performed qua-
si-static pressure-volume loops on mechanically venti-
lated mice. These data revealed that the lungs of wild-
type animals display loss of elastic recoil (Figure 2A) with
age as previously demonstrated in C57BL/6 mice23 and
similar to humans.24 Importantly, at all ages tested, from
1.5 weeks to 12 months, Arhgef1�/� mice exhibited a
greater impairment in lung function compared with wild-
type animals.

Loss of elastic recoil often results from destruction of
alveolar tissue, so we next addressed whether the im-
paired lung function reflected differences in lung tissue
damage as measured by changes to the lung airspace.
To determine this we used a morphometric analysis of
lung sections stained with hematoxylin and eosin (Figure
2B). Sections were micrographed at low-power magnifi-
cation and analyzed with a digital image analysis ap-
proach19 to provide a quantitative measurement of air-
space as the mean linear intercept. The mean linear
intercept represents the average distance between inter-
cepts of alveolar septa and a line of a given length. These
analyses revealed that the lungs from Arhgef1�/� animals
from 1.5 weeks to 12 months of age exhibited significantly
increased airspace enlargement compared with wild-type
mice, whereas no differences were detected in newborn
animals (Figure 2C). We interpret these data to indicate that
Arhgef1 function is not required for normal lung structure
formation in utero, but after birth loss of Arhgef1 function,
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presumably by hematopoietic cells, leads to impaired lung
function and damaged alveolar tissue.

Increased MMP Expression and Activity by
Arghef1-Deficient Leukocytes

In humans with COPD, and mice exposed to cigarette
smoke, alveolar damage is considered to result, at least
in part, from enhanced production of MMPs. The expres-
sion and activity of a number of MMPs, including MMP2,
MMP9, and MMP12, are elevated in patients with emphy-
sema and also in several different mutant mice that de-
velop airspace enlargement.7,25 Thus, we questioned
whether aberrant expression of MMPs might account for
the airspace enlargement observed in Arhgef1�/� lungs.
In initial experiments we relied on real-time RT-PCR
(qPCR) to measure the expression of MMP2, MMP9, and
MMP12 in various control and mutant tissues and cells.
These results demonstrated that MMP2, MMP9, and
MMP12 expression in 1-day-old lung, 3-month-old liver,

bone marrow neutrophils, and PEMs was comparable
between wild-type and mutant animals (Figure 3A). In
contrast, Arhgef1�/� BAL leukocytes from 3-month-old
mice displayed significantly increased (�100-fold) ex-
pression of MMP2, MMP9, and MMP12 compared with
BAL cells from age-matched wild-type animals (Figure
3A). It is important to note that this MMP expression as
measured by qPCR is normalized to 18S RNA for each
sample and therefore is assumed to reflect relative ex-
pression per cell. Moreover, the observed increase of
MMP expression in mutant BAL leukocytes is much
higher than one would expect if the difference was merely
attributable to the increased number of leukocytes
present in the Arhgef1�/� samples (Figure 1B).

Because MMP mRNA expression may not accurately
reflect protease activity, we also performed gelatin
zymography on BAL supernatant from control and mutant
animals. In these analyses we consistently observed
increased gelatinase activities in Arhgef1-deficient
samples migrating at a molecular weights consistent
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toxylin and eosin (H&E) stained lung from Arh-
gef1-deficient mice at the indicated ages. Top
row is taken at �10 magnification. The boxed
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populations recovered from bronchoalveolar la-
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with 5 mmol/L EDTA. Cells were enumerated
with a BD Coulter counter followed by flow
cytometric analysis as described in methods.
Data represent mean � SE; n � 16 for C57BL/6;
n� 15 for Arhgef1�/�. C: Leukocytes recovered
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animals. AM indicates alveolar macrophages.
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with MMP2 and MMP926 and as shown in Figure 3B. To
confirm the identity of the protease activity elevated in
Arhgef1�/� BAL, we adsorbed BAL supernatant from
Arhgef1-deficient mice with antibodies specific for
MMP2 or MMP9 (Figure 3C). Incubation of BAL super-
natant with plate-bound anti-MMP9 substantially de-
creased (
50%) the gelatinase activity at approxi-
mately 95 kDa and 85 kDa, whereas the gelatinase
activity below 75 kDa was only decreased �10% (Fig-
ure 3C). Conversely, incubation with antibodies di-
rected against MMP2 decreased the gelatinase activity
below 75 kDa to �35% of the BSA adsorbed sample
but had no measurable effect on the gelatinase activ-
ities at 95 kDa and 85 kDa (Figure 3C). Based on the
ability of these anti-MMP antibodies to deplete specific
gelatinase activities, we conclude that the 95-kDa and
85-kDa proteases are likely pro-MMP9 and MMP9 re-
spectively, whereas the activities below 75 kDa are
derived from MMP2. Based on these identities, densi-
tometric analysis of Figure 3B revealed Arhgef1�/� BAL
supernatant harbors significantly more MMP2 and
MMP9 activities compared with wild-type (Figure 3B).

Thus, loss of Arhgef1-function leads to exaggerated
MMP expression in the pulmonary compartment but not
in other adult tissues.

Pulmonary Pathophysiology Is Transferred with
Arhgef1�/� BAL Leukocytes

Arhgef1 expression is hematopoietic-specific (http://
biogps.gnf.org/#goto�genereport&id�9138)27 suggest-
ing that the pathological and functional differences be-
tween wild-type and Arhgef1�/� mice results from the
increased presence of leukocytes that lack Arhgef1 func-
tion. However, Arhgef1�/� lung pathology is observed as
early as 1.5 weeks after birth, possibly indicating a direct
role for Arhgef1 role in lung development. To directly test
whether an Arhgef1 deficiency in leukocytes could result
in lung pathology, BAL cells were collected from either
naïve wild-type or Arhgef1-deficient mice and transferred
into adult wild-type recipient mice by intratracheal instil-
lation. Instillations were performed once a week for four
weeks followed by an evaluation of pulmonary function
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and measurement of airspace one week after the last
challenge. The results from these experiments revealed
that instillation of Arhgef1-deficient BAL cells promotes a
significant decrease in pulmonary elastic recoil and a
significant increase in mean linear intercept of wild-type
recipient lungs compared with instillation of wild-type
BAL cells (Figure 4, A and B). These data suggest that
Arhgef1-deficient BAL cells are sufficient to cause pathol-
ogy in an adult wild-type lung and suggests that the lung
pathology observed in Arhgef1�/� animals results from
loss of Arhgef1 function in pulmonary leukocytes. How-
ever, Arhgef1 mutant BAL harbors an elevated number of
leukocytes and more diverse cell types relative to wild-
type (Figure 1B) obscuring whether lung pathology re-
sulted from a particular leukocyte population(s) or in-
creased numbers of transferred cells.

Under inflammatory conditions macrophages have
been shown to express all three of the MMPs25,28,29 that
are elevated in Arhgef1�/� BAL leukocytes, and macro-
phages also represent more than 60% of the BAL cells
recovered from Arhgef1-deficient mice. Thus, we consid-
ered that Arhgef1�/� alveolar macrophages were the cell
type responsible for lung tissue damage. To test this
hypothesis we transferred equal numbers (5 � 106) of
naïve resident peritoneal macrophages from wild-type
and Arhgef1-deficient mice into the lungs of wild-type
recipient mice via intratracheal instillation. Importantly, un-
like BAL leukocytes, resident and thioglycollate-elicited
peritoneal macrophages from Arhgef1-deficient mice ex-
hibit similar expression of MMP2, MMP9, and MMP12 com-
pared with control cells (Figure 3A and data not shown).
Approximately 48 hours after transfer, BAL fluid and cells
were collected from recipient mice and analyzed for MMP
expression by qPCR and activity by gelatin zymography
(Figure 4, C–E). The results from these experiments dem-
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onstrated that the transfer of Arhgef1�/� resident peritoneal
macrophages resulted in an approximate 100-fold increase
in the expression of MMP2 and MMP9 by BAL cells com-
pared with wild-type peritoneal macrophages (Figure 4C).
However, although both MMP2 and MMP9 expression was
elevated in the BAL cells after the transfer of Arhgef1-
deficient macrophages, only MMP9 activity was elevated in
the BAL supernatant (Figure 4, D and E). Thus, the transfer
of Arhgef1-deficient macrophages into the lung environ-
ment results in exaggerated MMP expression and activity.

Arhgef1-Deficient Macrophages Display
Exaggerated MMP Expression when Cultured
on the Fibronectin �5�1 Integrin Ligand

We have previously shown that Arhgef1-deficient B lym-
phocytes inefficiently resolve integrin-mediated adhesive
events,15 and integrin engagement has been reported to
induce the expression of MMPs in fibroblasts, lympho-
cytes, and macrophages.30 –32 Thus, we evaluated the
ability of Arhgef1�/� macrophages to adhere to integrin
ligands and the influence of these interactions on MMP
expression. For these experiments we used peritoneal
macrophages isolated five days after thioglycollate treat-
ment of wild-type and mutant animals and measured
adhesion to cell-bound (ICAM-1 and VCAM-1) and extra-
cellular matrix (laminin and fibronectin) integrin ligands.
The results from these experiments revealed that both
Arhgef1�/� and wild-type macrophages exhibited similar
adhesion to all integrin ligands tested after 48 hours
although to different levels (Figure 5A). Specifically, both
wild-type and mutant macrophage populations displayed
considerable adhesion to VCAM-1 (�70% of cells) and
fibronectin (�85% of cells) whereas adhesion to ICAM-1
was similar to BSA-coated control wells and adhesion to
laminin was negligible (Figure 5A). These results show
that loss of Arhgef1 in peritoneal-elicited macrophages
does not appear to significantly alter their adhesion to
cell-bound or extracellular matrix integrin ligands.

We next measured the expression of MMP2, MMP9,
and MMP12 induced by the culture of macrophages on
these various integrin ligands and whether loss of Arh-
gef1 would influence this expression. These experiments
(Figure 5B) demonstrated that wild-type macrophages
cultured only on fibronectin induced the expression of
MMP2 and MMP9 and as previously shown.32,33 Expres-
sion of MMP2 and MMP9 was again significantly in-
creased by Arhgef1�/� macrophages under the same
conditions, reflecting our previous in vivo findings. Spe-
cifically, on fibronectin wild-type macrophages increased
MMP2 and MMP9 expression approximately 100- and
25-fold, respectively, whereas this induction was ele-
vated in mutant macrophages to 150-fold and 60-fold,
respectively. In contrast, induction of MMP12 expression
by wild-type or mutant macrophages was not observed
on any integrin ligand tested. Thus, although both mac-
rophage cell types revealed comparable and consid-
erable adhesion to VCAM-1 and fibronectin, only incu-
bation on fibronectin led to an induction of MMP
expression and the absence of Arhgef1 further en-
hanced this expression.

We also measured MMP2 and MMP9 activities in the
conditioned media of wild-type and mutant macrophages
and observed fibronectin was the only integrin ligand that
induced an increase in gelatinase activity. However, al-
though MMP2 expression was present in both cell types
when cultured on fibronectin, neither cell type displayed
a significant increase in MMP2 activity relative to other
integrin ligands. In contrast, Arhgef1-deficient macro-
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phages elaborated significant increased pro–MMP-9 ac-
tivity on fibronectin compared with wild-type (Figure 5C).

Fibronectin can serve as a ligand for a diverse number of
integrins, and many of these integrins can be expressed by
monocytes/macrophages.32–34 Of interest, the Arg-Gly-Asp
(RGD) tripeptide sequence is recognized by a subset of
these fibronectin-binding integrins with the �5�1 and �v-
containing integrins most prominent in this region.31,32,35,36

Thus, to identify the integrin(s) responsible for signaling
MMP expression by wild-type and mutant macrophages we
pretreated macrophages with monoclonal antibodies previ-
ously shown both in vitro and in vivo to block integrin medi-
ated signaling.37,38 Preincubation of macrophages with an-
tibodies directed against either integrin �5 (anti-CD49E) or
�1 (anti-CD29) significantly inhibited the induction of both
MMP2 and MMP9 expression (Figure 6, A and B) by both
mutant and control macrophages and consistent with pre-
vious reports of this integrin in inducing these MMPs.31–32,39

From these data we conclude that both wild-type and
Arhgef1�/� macrophages signal MMP expression via
�5�1 integrin interaction with its ligand on fibronectin.
Furthermore, loss of Arhgef1 leads to the exaggerated
expression and activity of MMPs as a consequence of
this integrin–ligand interaction.

Discussion

Our results demonstrate that naïve Arhgef1�/� mice
chronically harbor increased numbers of pulmonary leu-
kocytes that promote lung tissue destruction and lead to

impaired lung function. We further identify that Arhgef1-
deficient leukocytes express increased levels of MMPs in
vivo and is recapitulated in vitro when mutant macro-
phages are cultured on fibronectin and as a conse-
quence of �5�1 integrin signaling. Fibronectin is a major
extracellular matrix protein and is expressed by diverse
cell types in the lung and particularly during inflamma-
tion. Therefore, these findings suggest that Arhgef1-de-
ficient macrophage adhesion to this integrin ligand would
elaborate exaggerated amounts of MMPs that account, at
least in part, for the observed lung pathophysiology
displayed by Arhgef1�/� mice. Thus, a major finding
presented by these data are that Arhgef1 function in
pulmonary macrophages is critical for homeostatic
lung function.

At day 1 after birth, both lung airspace and pulmonary
MMP expression is similar between mutant and wild-type
neonates. However, by day 21 and onward, Arhgef1�/�

lungs display impaired respiratory function as measured
by increased compliance (decreased elastance) and air-
space enlargement. This pulmonary pathophysiology is
accompanied by an increased number of Arhgef1-defi-
cient BAL macrophages at 3 weeks of age, the earliest
time point quantified. Because Arhgef1 expression is
restricted to hematopoietic cells we considered that mu-
tant leukocytes were responsible for the observed pul-
monary pathology and impaired respiratory function.
Howevever, alveolarization of murine lungs is extensive
after birth,40 and airspace enlargement might also be
expected in Arhgef1�/� mice if Arhgef1 participated in
alveolarization during lung development. Therefore, to
clearly distinguish between these possibilities, wild-type
and mutant pulmonary leukocytes were transferred intratra-
cheally to adult wild-type mice. The transfer of Arhgef1�/�

leukocytes conferred pulmonary pathophysiology, leading
us to conclude that Arhgef1-deficient leukocytes are suffi-
cient for the lung tissue destruction and associated de-
creased lung elastance in Arhgef1�/� mice.

Our findings suggest that elevated MMP expression
and activity by Arhgef1�/� alveolar macrophages is as-
sociated with the lung pathology and impaired lung func-
tion observed with Arhgef1-deficient mice. This conclu-
sion is supported by several lines of evidence that
include the finding that expression of all of these MMPs
are elevated in Arhgef1�/� BAL leukocytes and mutant
BAL contained elevated MMP2 and MMP9 protease ac-
tivity. Furthermore, wild-type BAL harbored significantly
elevated MMP expression and activity after instillation of
Arhgef1�/� macrophages when compared with instilla-
tion of wild-type cells. Indeed, macrophages are the pre-
dominant leukocyte population in the airspace of naïve
Arhgef1�/� animals, and alveolar macrophages have been
shown to express each of these MMPs under various
inflammatory conditions.25 Thus, considered together
these data provide strong support for the notion that
Arhgef1�/� macrophages through the elaboration of
MMPs facilitate lung pathophysiology.

Importantly, our data do not formally demonstrate that
elevated MMP activity is responsible for the pathology
observed in Arhgef1 mouse mutants. However, we note
that in both humans and mouse models, lung tissue
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destruction leading to increased airspace has been as-
sociated with an imbalance in the production of pro-
teases and anti-proteases41,42 and, accordingly, alter-
ations in the expression of the MMP2, MMP9, and MMP12
proteases have been implicated in tissue damage.7,43 It
is important to note, however, that elevated MMP expres-
sion as a consequence of an Arhgef1-deficiency appears
restricted to the lung because neither Arhgef1�/� liver nor
peritoneal macrophages exhibit elevated MMP expres-
sion. How tissue environment may influence MMP pro-
duction in the absence of Arhgef1 is not clear, but our
results clearly show that the interaction of Arhgef1�/�

macrophages with fibronectin leads to exaggerated MMP
production. This suggests the possibility that the unique
extracellular matrix composition in the lung may provide
integrin ligands that lead to increased MMP production in
the absence of Arhgef1. Along these lines it is also note-
worthy that aberrant fibronectin expression is not only a
feature of inflammation44 but also of inflammatory dis-
eases of the lung, such as COPD,5 and is also elevated in
Arhgef1-deficient lungs (data not shown).

Although both mutant and wild-type macrophages dis-
played considerable adhesion to both VCAM-1 and fi-
bronectin, only fibronectin induced MMP2 and MMP9
expression. Integrin-mediated signaling has long been
recognized to induce MMP expression,30,31,45 and fi-
bronectin-induced MMP expression by monocytes/mac-
rophages has also previously been reported.32,46 Our
results confirm the previous findings that the �5�1 inte-
grin pair is responsible for the induction of MMP2 and
MMP9 expression in macrophages cultured on fibronec-
tin.32,33 These data extend those findings to demonstrate
that Arhgef1 regulates �5�1 integrin signaling that pro-
motes MMP2 and MMP9 expression and is supported by
a recent report demonstrating that Arhgef1 is activated
on integrin-mediated adhesion.47

MMP activity is controlled at transcriptional, posttran-
scriptional, and translational levels,48 and our results un-
derscore the complexity of this regulation. Despite that
we document Arhgef1�/� leukocytes display significantly
increased MMP2 expression and activity in vivo (Figure
3), adoptive transfer of Arhgef1�/� peritoneal macro-
phages leads to elevated MMP2 expression but not ac-
tivity (Figure 4) and is paralleled with in vitro cultures of
macrophages on fibronectin that only exhibit elevated
MMP2 expression (Figure 5). Similarly, whereas both the
�95-kDa and �85-kDa MMP9 activities were enhanced
in the BAL supernatant of Arhgef1�/� mice and wild-type
that had received Arhgef1-deficient macrophages, in the
in vitro macrophage cultures on fibronectin only the 95-
kDa MMP9 was detected in either wild-type or Arhgef1-
deficient samples. Moreover, MMP12 expression was
significantly elevated in mutant lung, although MMP12
activity was not reproducibly observed in Arhgef1�/� BAL.
Finally, we did not observe induction of MMP12 expression
in either wild-type or Arhgef1-deficient macrophage when
cultured on any of the integrin ligands tested.

Thus, based on these in vivo findings and our in vitro
experiments of integrin-mediated MMP expression, we
propose that under homeostatic noninflammatory condi-
tions, Arhgef1�/� leukocytes traffic to the lungs and ad-

here to integrin ligands including fibronectin. In the absence
of Arhgef1, pulmonary leukocyte integrin-fibronectin adhe-
sion leads to enhanced integrin-mediated MMP production
and activity that ultimately degrades lung tissue and results
in airspace enlargement and eventual impaired lung
function. Furthermore, although our data indicate that
Arhgef1�/� macrophages display normal integrin adhe-
sion, Arhgef1�/� marginal zone B cells display sus-
tained integrin adhesion15 and thus increased integrin
signaling by Arhgef1�/� pulmonary leukocytes may sim-
ilarly be sustained and contribute to elevated MMP pro-
duction. Finally, the increase in MMP activity in the
airspace may facilitate the cleavage of either extracel-
lular matrix proteins or chemokines, and these prod-
ucts, in turn, may further recruit additional leukocytes
leading to additional inflammatory damage.49,50

These studies were initiated from the observation
made in a previous report from our laboratory document-
ing the lack of an inflammatory response and consequent
airway hyperreactivity in the Arhgef1-defcient mice us-
ing a mouse model of asthma.17 In the previous study
Arhgef1-deficient mice fail to develop an adaptive inflam-
matory response in the lung that is attributable to impaired
Arhgef1�/� T-cell function, whereas the current study doc-
uments the spontaneous presence of an innate inflamma-
tory process in the lung compartment. Recent debate51 has
centered on whether human asthma and COPD are differ-
ent expressions of one disease entity (Dutch hypothesis) or
distinct entities elaborated by different mechanisms (British
hypothesis). Thus, Arhgef1-deficient mice are resistant to
the development of asthma-like symptoms while simulta-
neously displaying pulmonary characteristics similar to pa-
tients with COPD. If ARHGEF1 has a similar influence in
human subjects it would seemingly provide insight into the
differences and possibly the mechanisms that may predis-
pose individuals to the development of one disease over the
other.

In sum, we present data showing that Arhgef1 regu-
lates �5�1 integrin-mediated signaling of MMP expres-
sion and is required more generally by pulmonary leuko-
cytes for appropriate homeostatic lung immunity. In its
absence, and without intentional challenge, Arhgef1-de-
ficient lungs exhibit a number of pulmonary features sim-
ilar to COPD in humans that include a stable increase in
the number of pulmonary leukocytes, elevated MMP ex-
pression and activity, lung tissue damage resulting in
airspace enlargement, and impaired lung function. Fur-
thermore, lung tissue destruction can be accounted for
by exaggerated in vivo expression of MMPs and likely
mediated via Arhgef1�/� alveolar macrophage associa-
tion with fibronectin. Thus, these data not only present the
Arhgef1�/� mouse mutant as a possible animal model of
human emphysema, but also suggest the aberrant reg-
ulation of integrin signaling may underscore the molecu-
lar basis for this disease in humans.
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