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Macrophage accumulation is one of the hallmarks of progressive kidney disease. Tissue-type plasminogen activator (tPA) is known to promote macrophage inﬁltration and renal inﬂammation during
chronic kidney injury. However, the underlying mechanism remains largely unknown. We examined the
role of tPA in macrophage motility in vivo by tracking ﬂuorescence-labeled bone marrowederived
macrophages, and found that tPA-deﬁcient mice had markedly fewer inﬁltrating ﬂuorescence-labeled
macrophages than the wild-type (WT) mice. Experiments in bone marrow chimeric mice further
demonstrated that myeloid cells are the main source of endogenous tPA that promotes macrophage
migration. In vitro studies showed that tPA promoted macrophage motility through its CD11b-mediated
protease-independent function; and focal adhesion kinase (FAK), Rac-1, and NF-kB were indispensable
to tPA-induced macrophage migration as either infection of FAK dominant-negative adenovirus or
treatment with a Rac-1especiﬁc inhibitor or NF-kB inhibitor abolished the effect of tPA. Moreover,
ectopic FAK mimicked tPA and induced macrophage motility. tPA also activated migratory signaling
in vivo. The accumulation of phospho-FAKepositive CD11b macrophages in the obstructed kidneys from
WT mice was clearly attenuated in tPA knockout mice, which also displayed lower Rac-1 activity than
their WT counterparts. Therefore, our results indicate that myeloid-derived tPA promotes macrophage
migration through a novel signaling cascade involving FAK, Rac-1, and NF-kB. (Am J Pathol 2014, 184:
2757e2767; http://dx.doi.org/10.1016/j.ajpath.2014.06.013)

Regardless of the initial causes, most interstitial and
glomerular renal diseases are characterized by macrophage
accumulation.1,2 Sustained macrophage inﬁltration in the
diseased kidneys eventually becomes pathological, resulting
in irreversible ﬁbrosis, tissue destruction, and progressive
chronic kidney disease (CKD).1 Although the expansion of
local resident macrophages through proliferation contributes
to the number of macrophages in the diseased kidneys,3 the
recruitment of monocytes/macrophages from the circulation
is generally considered to be the main pathway leading to
the accumulation of these cells.1 In disease conditions,
circulating monocytes derived from bone marrow myeloid
progenitors migrate to the site of injury and form macrophages through multiple steps involving rolling, adhesion,
crawling, and moving, in which proteases and members
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of the integrin family and Rho family GTPases play an
important role.4,5
Tissue-type plasminogen activator (tPA) is a member of
the serine protease family and participates in the activation of
various motility-related proteases and growth factors.6e9 tPA
also acts as a proﬁbrotic cytokine to promote the progression
of CKD by triggering profound intracellular signaling events
that include integrin signaling pathways.6,10e15 Increasing
evidence indicates that tPA modulates inﬂammatory
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inﬁltration in response to tissue injury in various disease
models.15e17 tPA has been shown to mediate T-cell inﬁltration in a liver ﬁbrosis model,16 and promote neutrophil
inﬁltration in a model of acute kidney injury.18 Our recent
data demonstrate that tPA activates NF-kB signaling and
promotes renal inﬂammation by inducing macrophage
accumulation and chemokine expression in a CKD model.15
Notably, tPA is also up-regulated in the obstructed kidneys
with concomitant macrophage inﬁltration,11,12 suggesting
that tPA may be the endogenous factor that modulates
macrophage motility in response to chronic kidney injury.
However, the source of the endogenous tPA induction, as
well as the underlying mechanisms whereby tPA modulates
macrophage accumulation during injury, remain largely
unknown.
Integrin signaling through focal adhesion kinase (FAK) is
known to modulate cell motility.4,19 FAK, the immediate
downstream kinase of integrin, is a cytoplasmic protein
tyrosine kinase that plays an essential role in the regulation of
multiple cellular processes such as cell migration.20 FAK
plays an integral role in the regulation of actin cytoskeleton
and controls cell motility through several mechanisms
including the interaction with members of Rho family of
small GTPases.19e21 However, the role of FAK and its
downstream signaling in tPA-mediated macrophage motility
remains unknown. We hypothesized that tPA may promote
macrophage motility by activating the downstream signaling
of the integrin CD11b pathway.
Here, we investigated the role of tPA in macrophage motility
and elucidated the underlying signaling mechanisms using both
in vitro and in vivo approaches. Our data demonstrate that
myeloid-derived tPA promotes macrophage migration through
a protease-independent mechanism involving a novel signaling
cascade of FAK, Rac1, and NF-kB.

Methods
Antibodies and Reagents
The antiephospho-speciﬁc FAK (Tyr925) antibody and Alexa
Fluor 488econjugated anti-rabbit secondary antibody were
purchased from Cell Signaling Technology (Beverly, MA).
Mouse antiea-tubulin and PKH26 Red Fluorescent Cell
Linker kit were obtained from Sigma (St. Louis, MO).
Monoclonal anti-mouse CD 11b PE-Cy5 and FITC antibodies
and recombinant mouse macrophage colony-stimulating factor
were purchased from eBioscience (San Diego, CA). The
neutralizing CD11b antibody was provided by BD Biosciences
(San Diego, CA). The monoclonal anti-F4/80 antibody was
bought from AbD Serotec (Raleigh, NC). The Rac1 activation
assay kit was supplied by Millipore (Temecula, CA). Recombinant human single-chain tPA was purchased from American
Diagnostica (Stamford, CT). The nonenzymatic tPA was supplied by Molecular Innovations (Southﬁeld, MI). The speciﬁc
Rac1 inhibitor NSC23766 was ordered from Tocris Bioscience
(Bristol, UK).
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Cell Culture
Mouse macrophages J774.A1 were purchased from ATCC
(Manassas, VA) and maintained as previously described.15
After 24 hours serum-free starvation, the macrophages
were treated with vehicle and tPA for various periods of
time as indicated and then collected for different assays.

Animal Model
Homozygous tPA knockout (KO) and wild-type (WT) mice
on a C57BL/6 background were purchased from the Jackson
Laboratory (Bar Harbor, ME) and maintained as previously
described.10,11,13,15 The animal protocol was approved by the
Institutional Animal Care and Use Committee at the Penn
State University College of Medicine. Unilateral ureteral
obstruction (UUO) was performed in 20- to 22-g male mice
(3 to 5 mice per group) using established procedures.10,11,13,15

In Vivo Macrophage Motility Assay
Bone marrowederived macrophages were prepared as previously described.22 Brieﬂy, bone marrow isolated from the
femurs of tPA KO mice were cultured in RPMI 1640 medium containing 20% fetal bovine serum, 2 mmol/L
L-glutamine, and 10 ng/mL macrophage colony-stimulating
factor for 7 days, followed by PKH26 red ﬂuorescence labeling. Immune staining conﬁrmed that >99% PKH26labeled cells were CD11b-positive macrophages. The
PKH26-labeled macrophages (4  106 cells per mouse)
were then injected via tail vein into WT and tPA KO mice,
followed by UUO for 7 days. Macrophages that migrated
into the kidneys were quantitated by counting PKH26positive cells under ﬂuorescence microscopy (5 high
power ﬁelds per mice, 5 mice per group) or by ﬂow
cytometry analysis (3 mice per group). PKH26-positive
CD11b macrophages in the spleen were also quantitated
by ﬂow cytometry analysis (3 mice per group).

Generation of Chimeric Mice
Chimeric mice were generated by bone marrow transplantation between WT and tPA KO mice as previously
described.23,24 Brieﬂy, donor bone marrow cells were
transferred into lethally irradiated recipient mice using the
following donor/recipient combinations: WT/WT, WT/KO,
KO/WT, KO/KO. Eight to 10 weeks later, UUO was performed in these chimeric mice for 7 days. Chimerism of
individual mouse was veriﬁed by genotyping of genomic
DNA from peripheral blood as described elsewhere.23

Immunohistochemistry
Parafﬁn-embedded kidney tissue was sectioned at 4 mm and
then subjected to staining with F4/80 antibody using the
ABC method with NovaRED substrate and methyl green
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(Vector Laboratories) counterstaining.10,15 A total of 500
interstitial cells were counted per slide, and the percentage
of interstitial F4/80-positive cells in the total interstitial cell
population was calculated, 5 mice per group.

Rac1 Activation Assay
Rac1 activation was measured by a Rac1 activation assay kit
according to the instructions of the manufacturer (Millipore,
Billerica, MA). Tissue homogeny or cell lysates were afﬁnity
precipitated by control beads or glutathione S-transferaseeagarose beads bound with PAK1-PBD, which speciﬁcally recognized active Rac1, followed by Western blot
against Rac1.

Chemiluminescent Substrate kit (Thermo Fisher Scientiﬁc,
Waltham, MA).

Quantitative RT-PCR
Total RNA was extracted and reverse transcribed into
cDNA and ampliﬁed using a SYBR Green PCR kit (Qiagen,
Valencia, CA) as previously described.11,15 The relative
level of mRNAs was quantiﬁed and normalized to b-actin.

tPA ELISA
Plasma tPA was measured using an enzyme-linked immunosorbent assay (ELISA) kit from Oxford Biomedical Research
(Oxford, MI) according to the manufacturer’s instructions.

Flow Cytometry
Measurement of Total Kidney Collagen Content
Single-cell suspensions from the whole kidneys were prepared as previously described.15,25 The cells were stained
with antieCD11b PE-Cy5 and/or antiephospho-FAK antibodies, followed by ﬂow cytometry analysis using a
FACSCaliber machine (BD Biosciences, San Diego, CA)
and FlowJo software version 7.6.1 (Tree Star, Ashland, OR).

Transwell Cell Motility Assay
J774 macrophages (1  105) were seeded in 8-mm pore size
Transwell inserts (Corning-Costar, Tewksbury, MA). After
overnight serum starvation and 10 nmol/L tPA treatment for
24 hours, cells were ﬁxed with 3% paraformaldehyde and
stained in Coomassie Blue solution (0.1% Coomassie Blue,
10% methanol, and 10% acetic acid) for 30 minutes. The
migrated macrophages in the center of a ﬁlter (one ﬁeld) were
counted under a phase-contrast microscope with 200
magnitude. The data were quantitated from ﬁve to six independent experiments.

Total collagen content was evaluated using the Sirius Red/
Fast Green Collagen detection kit (Chondrex, Redmond,
WA) as previously described.15 Brieﬂy, tissue sections were
stained with Sirius Red and Fast Green, followed by the dye
extraction and measurement of the optical density at 540 nm
(collagen) and the optical density at 605 nm (noncollagen
protein). The collagen content was expressed as micrograms
per milligrams (collagen/total protein).

Statistical Analysis
All of the experimental data were presented as means  SEM.
Statistical analysis of the data were performed using SigmaStat
software version 3.5 (Systat Software, San Jose, CA).
Comparison between multiple groups was performed by using
one-way analysis of variance followed by the StudentNewman-Keuls test or Student’s t-test between two groups.
A P value of <0.05 was considered statistically signiﬁcant.

Adenovirus Infection

Results

The adenoviral vectors containing the WT FAK (Ad.FAK)
or the dominant-negative FAK mutant FRNK (Ad.FRNK)
were constructed as previously described,26,27 and were
provided by Dr. Christopher S. Chen (University of Pennsylvania) and Dr. Allen M. Samarel (Loyola University
Medical Center). Transient adenovirus infection was performed as described elsewhere.10e13

tPA Promotes the Migration and Accumulation of
Macrophages in the Obstructive Kidneys

Western Blot Analysis
Samples were prepared and separated on 10% SDS polyacrylamide gels as previously described.10e13,15 The polyvinylidene diﬂuoride membrane with transferred proteins was
incubated overnight at 4 C with various primary antibodies,
followed by incubation with horseradish peroxidasee
conjugated secondary antibodies for 1 hour. After extensive
washes, the signals on the membrane were visualized by a
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UUO was performed in WT and tPA KO mice for 7 days.
Flow cytometry analyses showed that the number of
CD11b-positive macrophages markedly increased in the
WT kidneys after obstruction (Figure 1, A and B). However,
the tPA KO mice showed fewer inﬁltrating CD11b macrophages, suggesting that tPA promotes macrophage accumulation in the ﬁbrotic kidneys in vivo. This result is also
consistent with our previous CD11b immunohistochemical
data in these mice.15 Because cell motility is one of the key
factors that determine the number of macrophages in
diseased kidneys, we hypothesized that tPA may promote
macrophage accumulation by increasing the motility of
these cells. To this end, we performed an in vivo macrophage motility assay in tPA WT and KO mice. Bone
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Figure 1

tPA promotes macrophage inﬁltration and migration in vivo. Unilateral ureteral
obstruction (UUO) was performed in tPA wild-type
(WT) and knockout (KO) mice (n Z 4 mice per
group) for 7 days. Single-cell suspensions were
prepared from whole kidneys and were subjected
to ﬂow cytometry analysis using anti-CD11b antibody to identify macrophages. A: Representative
ﬂow cytometry analysis. Cells in the ovals were
CD11-positive macrophages. Contralateral unobstructed kidneys served as controls. B: Quantitation of the ratio of CD11b macrophages in the
gated cells. C: Fluorescence microscopy of PKH26labeled macrophages in the ﬁbrotic kidneys. Bone
marrowederived macrophages from tPA KO mice
were labeled by PKH26 and intravenously transferred into tPA KO and WT mice, followed by UUO
for 7 days. PKH-labeled macrophages in the
obstructed kidneys were counterstained by DAPI
and quantitated under the ﬂuorescence microscope. D: Quantiﬁcation of PKH26-positive macrophages. Units were expressed as number of
PKH26-positive macrophages per 400 ﬁeld, 5
ﬁelds per mouse. E: Flow cytometry analysis of the
PKH26-positive macrophages. Some WT and tPA KO
mice receiving adoptive PKH26-positive macrophage transfer were subjected to ﬂow cytometry
analysis. Cells in the ovals are PKH26-labeled
macrophages. Data are representative from one
of the three animals analyzed. Contralateral unobstructed kidneys served as controls. F: Quantitation of ﬂow cytometry analysis. G: Flow
cytometry analysis of the ratio of PKH26-positive
CD11b macrophages in the gated cells of the
spleens from tPA KO and WT mice with UUO for 7
days. No statistical signiﬁcance exists. *P < 0.05,
**P < 0.01. n Z 3 (F and G, mice per group); n Z 4
(B, mice per group); n Z 5 (C and D, mice per
group). Original magniﬁcation, 400 (C). CLK,
contralateral unobstructed kidneys; SSC, side-scattered light.

marrowederived macrophages, veriﬁed by CD11b staining
(data not shown), were labeled with PKH26 red ﬂuorescence. To minimize the interference of endogenous tPA,
bone marrow cells were collected from tPA KO mice. The
PKH26-positive macrophages were then intravenously
injected into WT and tPA KO mice, followed by UUO for 7
days. The PKH26-positive macrophages that migrated into
the obstructed kidneys were quantitated by cell counts or
ﬂow cytometry analysis. Obstructive renal injury induced
the migration of PKH26-labeled macrophages (Figure 1,
CeF). Notably, the number of these cells in the ﬁbrotic
kidneys from tPA KO mice was much lower than that in the
WT mice (Figure 1, CeF). In addition, the redistribution of
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the PKH26-positive cells in the spleen, the major organ that
stores the homing immune cells,28 was similar between WT
and tPA KO mice (Figure 1G), suggesting that endogenous
tPA in the diseased kidneys mediates the migration and
accumulation of these macrophages. Thus, tPA promotes
macrophage migration and accumulation in vivo.

Myeloid-Derived tPA Is the Endogenous Factor
Inducing Macrophage Inﬁltration during Obstructive
Renal Injury
The reduced ability of tPA-deﬁcient macrophages to
migrate in tPA KO, but not tPA WT mice, suggests that
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tPA from the WT animals is able to signal macrophages to
migrate. To identify whether the source of tPA can be
autocrine and/or juxtacrine, chimeric mice that lack tPA
in either their myeloid cells or renal parenchyma were
generated by bone marrow transplantation between tPA
WT and KO mice (bone marrow donor/recipient: WT/
WT, WT/KO, KO/WT, and KO/KO), and were subjected
to UUO for 7 days. Chimerism of each mouse was veriﬁed as previously described.23 We found that WT/WT
and WT/KO mice displayed similar and dramatically
increased renal ﬁbrosis and macrophage inﬁltration, as
demonstrated by a-smooth muscle actin (a-SMA) induction (Figure 2, AeC), matrix (collagen and

ﬁbronectin) deposition (Figure 2, DeF), and the interstitial accumulation of F4/80-positive macrophages
(Figure 2, G and H). However, both KO/WT and KO/KO
mice showed similar, but signiﬁcantly decreased, ﬁbrosis
(Figure 2, AeF) and remarkably fewer inﬁltrating macrophages (Figure 2, G and H). Notably, although KO/WT
and KO/KO mice had similar lower levels of renal ﬁbrosis
(Figure 2, AeF) and macrophage accumulation (Figure 2,
G and H), KO/WT mice showed a signiﬁcantly higher
plasma tPA level than KO/KO mice (Figure 2I). Similarly, WT/WT and KO/WT had a similar plasma level of
tPA (Figure 2I), but displayed a signiﬁcant difference in
macrophage accumulation and ﬁbrosis (Figure 2, AeH).

Figure 2 Myeloid-derived tPA promotes macrophage inﬁltration in vivo. Chimeric mice were generated by bone-marrow transplantation between tPA WT
and KO mice (donor/recipient: WT/WT, WT/KO, KO/WT, and KO/KO,). Unilateral ureteral obstruction (UUO) was performed in these mice for 7 days. A:
Representative Western blot of a-SMA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Number indicates individual mouse. Contralateral unobstructed kidneys (CLK) served as controls. B: Quantitation of renal a-SMA relative abundance. C: Immunoﬂuorescence staining of aSMA in the obstructed
kidneys. D: Immunostaining of collagen I in the obstructed kidneys. E: Quantitation of total collagen content in the obstructed kidneys by Sirius Red/Fast
Green assay. F: Quantitative RT-PCR of ﬁbronectin mRNA in the obstructed kidneys. G: Representative immunostaining of F4/80 in the obstructed kidneys. H:
Quantitation of interstitial inﬁltration of F4/80-positive macrophages. I: Plasma concentration of tPA in the chimeric mice. *P < 0.05, **P < 0.01. n Z 5
mice per group. Original magniﬁcation: 200 (C); 400 (D and G).
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nonenzymatic tPA promoted the migration of macrophages
comparable to the WT tPA, suggesting that tPA induces
macrophage migration through a protease-independent
mechanism (Figure 3C). Importantly, the interference from
possible contamination by endotoxin in the tPA solution
was excluded, because heat-inactivated nonenzymatic tPA
had no effect on macrophage migration (Figure 3D). We
also found that tPA still signiﬁcantly induced macrophage
motility in the presence of monocyte chemotactic protein-1
(MCP-1), although its additional effect on motility was
relatively small (Figure 3E).

Integrin CD11b Signaling Is Indispensable to tPAInduced Macrophage Migration

Figure 3

tPA promotes macrophage motility in vitro through its
protease-independent activity. A: tPA induces macrophage migration
in vitro. J774 macrophages were treated with 10 nmol/L tPA for 24 hours,
followed by a Transwell motility assay. Data are representative of 5 independent experiments. B: Quantitation of tPA-induced macrophage motility.
C: Nonenzymatic tPA (NE-tPA) also promotes macrophage motility. J774
cells were incubated with 10 nmol/L NE-tPA for 24 hours. Cell motility was
assessed by Transwell assay. D: Heat-inactivated NE-tPA does not affect
macrophage motility. J774 cells were treated with 10 nmol/L NE-tPA or
heat-inactivated NE-tPA (Boil-tPA) for 24 hours, followed by motility assay.
E: tPA induces macrophage motility in the presence of MCP-1. J774 cells
were treated with control or 10 nmol/L tPA with or without 10 ng/mL
MCP-1 in the lower chambers of a Transwell plate for 24 hours, followed by
counting migrated cells. *P < 0.05, **P < 0.01. n Z 5 (BeD); n Z 6 (E).
Original magniﬁcation, 200 (A). Con, control.

Because tPA promoted macrophage migration through its
protease-independent activity, it is plausible that tPA induces macrophage migration by activating intracellular
signaling cascades that regulate cell motility. Integrins and
Rho family GTPases play a central role in the regulation of
cell motility. Our recent work demonstrated that tPA activates integrin CD11b signaling in macrophages.15 We
examined the role of CD11b in tPA-mediated macrophage
motility. CD11b neutralizing antibody suppressed the
phosphorylation of its downstream mediator FAK (Figure 4,

Thus, it is likely that tPA in the circulation, mainly produced by the vascular endothelial cells, has little effect on
the renal accumulation of macrophages and ﬁbrosis.
These results indicate that myeloid cells are the main
source of endogenous tPA that induces macrophage
accumulation and promotes renal ﬁbrosis.

tPA Promotes Macrophage Migration in Vitro through a
Protease-Independent Mechanism
J774 macrophages were seeded into the Transwell inserts in
24-well plates, followed by 10 nmol/L tPA treatment for 24
hours. tPA induced macrophage motility in vitro (Figure 3,
A and B). It is known that tPA is a hybrid molecule of
protease and cytokine.6,10e13 To determine whether tPAinduced macrophage motility depends on its protease activity or is mediated through its cytokine activity, J774
macrophages were treated with vehicle and a mutant, catalytically inactive tPA at the same concentration. The
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Figure 4 CD11b mediates tPA-induced macrophage migration. J774
macrophages were treated with 2.5 mg/mL control IgG or anti-CD11b
neutralizing antibody (Ab) for 1 hour, followed by incubation with
vehicle and 10 nmol/L tPA for 1 minute or 24 hours. A: Western blot for
phospho-FAK (Tyr925) and a-tubulin. B: Quantitation of phospho-FAK
abundance. C: Transwell motility assay. *P < 0.05, **P < 0.01. n Z 3
(B); n Z 5 (C).
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Figure 5 tPA promotes macrophage migration
through the FAK/Rac1-mediated pathway. A: J774
macrophages were treated with 10 nmol/L tPA for 1,
2, 5, or 10 minutes, followed by Western blot for
phospho-FAK (Tyr925) and a-tubulin. B: Representative Western blot of activated Rac1. Cells were
treated with 10 nmol/L nonenzymatic tPA for 10, 30,
and 120 minutes. Cell lysates were subjected to a
Rac1 activity assay. C: Dominant-negative FAK
mutant (FRNK) blocks tPA-induced phosphorylation
of FAK (Tyr925). Cells were infected with Ad.LacZ and
Ad.FRNK, followed by treatment with 10 nmol/L tPA
for 1 minute and Western blot for phospho-FAK
(Tyr925) and a-tubulin. D: Ad.FRNK infection abolishes nonenzymatic tPA-induced Rac1 activation. E:
Transwell motility assay shows that FRNK inhibits
tPA-induced macrophage migration. F: Ectopic
overexpression of WT FAK mimics tPA and promotes
macrophage migration. J774 macrophages were
infected with Ad.LacZ and Ad.FAK for 48 hours, followed by a Transwell motility assay. G: NSC23766, a
speciﬁc Rac1 inhibitor, suppresses tPA-induced
migration of macrophages. H: NF-kBespeciﬁc inhibitor SN50 (0.1 mg/mL) abrogates tPA-induced
macrophage motility. **P < 0.01. n Z 5.

A and B) and inhibited tPA-induced macrophage migration
(Figure 4C). Therefore, CD11b signaling is essential to tPAmediated macrophage motility.

tPA Sequentially Activates FAK and Rac1 Signaling
Cascade
We further found that tPA rapidly induced Tyr925 phosphorylation of FAK, an immediate downstream effector of
integrin signaling, as early as 1 minute after tPA treatment
(Figure 5A), followed by Rac1 activation from 10 minutes to
2 hours (Figure 5B). The temporal order of Rac1 activation
after phosphorylation of FAK suggested that FAK may be the
upstream mediator of Rac1 in the tPA signaling cascade. To
further clarify the role of FAK in tPA-induced Rac1 activation, J774 macrophages were infected with adenoviral vectors containing the dominant-negative FAK noncatalytic
mutant FRNK (Ad.FRNK) or Ad.LacZ, followed by tPA
treatment. The FRNK is the C-terminal region of FAK,
which lacks the N-terminal and the central catalytic domains.26,27,29 Infection of Ad.FRNK inhibited tPA-induced
FAK phosphorylation (Figure 5C) and subsequently abolished Rac1 activation (Figure 5D). However, NSC23766, a
speciﬁc Rac1 inhibitor, had no effect on tPA-induced
phosphorylation of FAK (data not shown). Thus, FAK
mediates Rac1 activation in the tPA signaling cascade.
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FAK Mediates tPA-Induced Macrophage Motility
We also examined the role of FAK in tPA-induced macrophage motility. J774 macrophages were seeded in the
Transwell inserts and subjected to infection with Ad.LacZ
and Ad.FRNK, followed by tPA treatment for 24 hours.
Ad.FRNK, the dominant-negative FAK mutant, dramatically suppressed tPA-induced macrophage migration
(Figure 5E). The efﬁciency of FAK inhibition by Ad.FRNK
infection was veriﬁed by Western blot for FAK phosphorylation (Figure 5C). Conversely, ectopic overexpression of
WT FAK by Ad.FAK infection mimics tPA and promoted
the migration of J774 macrophages (Figure 5F). Therefore,
FAK phosphorylation is both necessary and sufﬁcient for
tPA-induced macrophage migration.

Rac1 Is Essential to tPA-Promoted Macrophage
Migration
To investigate the functional role of Rac1 in macrophage
migration, macrophages were pretreated with NSC23766, the
speciﬁc chemical inhibitor of Rac1, for 1 hour, followed by
tPA treatment for 24 hours and subsequently, a Transwell
migration assay. NSC23766 abolished tPA-induced macrophage migration, indicating that Rac1 is indispensable to
tPA-modulated macrophage motility (Figure 5G).
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Figure 6

tPA modulates cell motility signaling in vivo. Unilateral ureteral obstruction (UUO) was performed in tPA WT and KO mice for 7 days. A:
Representative ﬂow cytometry analysis using probes for CD11b and phospho-FAK (Tyr925). Upper right quarter indicates CD11b-positive macrophages with
activated FAK signaling. Contralateral unobstructed kidneys served as controls. B: Quantitation of relative amount of CD11b macrophages with activated FAK
phosphorylation. Units are expressed as percentage of both (Tyr925)-phospho-FAKepositive and CD11b-positive cells in gated cells. C: Immunostaining for
CD11b (green) and phospho FAK (red). Arrows indicate cells with positive double immunostaining of phospho-FAK (intracellular focal adhesions) and CD11b
(cell surface) in diseased kidneys after UUO for 7 days. Nuclei were indicated by DAPI. Insets show enlarged images (3.8) of the area bordered by white lines.
Contralateral unobstructed kidneys served as controls. D: Quantitation of the CD11b macrophages with FAK phosphorylation in the obstructed kidneys. Units
were expressed as number of CD11b and phospho-FAK double-positive cells per 400 ﬁeld. E: Representative Western blot of activated Rac1 in the diseased
kidney homogenized from tPA WT and KO mice. Number indicates individual mouse. F: Quantitation of relative Rac1 abundance. **P < 0.01. n Z 5 mice per
group. Original magniﬁcation, 400 (C). CLK, contralateral unobstructed kidneys.

NF-kB Is Indispensable to tPA-Induced Macrophage
Motility

FAK/Rac1 migratory signaling in vivo, leading to the
accumulation of macrophages in the ﬁbrotic kidneys.

We have shown that CD11b mediates tPA-induced NF-kB
signaling in macrophages,15 and we further examined the
role of NF-kB in tPA-induced macrophage motility. We
found that the NF-kBespeciﬁc inhibitor SN50 eliminated
the effect of tPA on macrophage motility (Figure 5H).

Discussion

tPA Modulates Cell Motility Signaling in Vivo
The in vitro mechanistic studies suggest that tPA-induced
FAK/Rac1 migratory signaling pathway is also operative
in vivo. To this end, we investigated the FAK/Rac1
signaling in the obstruction-induced ﬁbrotic kidneys from
tPA WT and KO mice. We found that phosphorylation of
FAK (Tyr925) was markedly induced in the CD11b-positive
macrophages, as indicated by ﬂow cytometry analysis
(Figure 6, A and B), in the ﬁbrotic kidneys from the WT
mice with UUO for 7 days. However, obstruction-induced
accumulation of phospho-FAKepositive CD11b macrophages was clearly attenuated in tPA KO mice (Figure 6, A
and B). In addition, double immunoﬂuorescence staining of
phospho-FAK (red, intracellular focal adhesions) and
CD11b (green, cell surface) conﬁrmed that most of the
CD11b macrophages were also phospho-FAK positive in
diseased kidneys (Figure 6, C and D). We also discovered
that Rac1 was strongly activated in the obstructed kidneys
from tPA WT mice, but its activation was almost completely
alleviated in tPA KO mice (Figure 6, E and F). These results
strongly support the view that tPA modulates macrophage
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Inﬁltration of inﬂammatory cells is one of the histological
hallmarks of both acute kidney injury and CKD. In response
to persistent injury cues, inﬂammatory cells, including
monocytes/macrophages and other leukocytes, migrate to
the sites of injury and produce a broad spectrum of proinﬂammatory and proﬁbrotic factors that not only promote
disease progression, but also form a cycle of deterioration.1,2,15 Proteases such as plasminogen activators and
matrix metalloproteinases (MMPs) and their inhibitors, as
well as members of the integrin family and Rho GTPases,
play a fundamental role in the process of inﬂammatory
inﬁltration.4,5,19 tPA has been shown to modulate inﬂammatory inﬁltration in numerous disease models.15e17,30 In
an acute brain injury model, tPA was shown to mediate F4/
80 macrophage accumulation and activation in the ischemic
brain.30 In a carbon tetrachlorideeinduced liver ﬁbrosis
model, tPA KO mice demonstrated decreased inﬁltration of
T cells in comparison with their WT counterparts.16 Moreover, it was found that tPA promoted inﬁltration of macrophages or other leukocytes in both models of acute17 and
chronic kidney injury.15 Thus, tPA appears to have broad
implication in the modulation of inﬁltration and inﬂammation in diverse organs. Intriguingly, the increased inﬂammatory inﬁltration in most of those models is accompanied
by the concomitant induction of tPA,11,12,31,32 suggesting
that tPA may be a common endogenous factor that
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modulates inﬂammatory inﬁltration and response in multiple
organ systems.
Here, we showed that tPA promoted the accumulation of
CD11b macrophages in response to obstructive injury
(Figure 1, A and B). We hypothesized that tPA may promote macrophage accumulation by enhancing the motility
of these cells. We designed a new approach to assess
macrophage motility in vivo by tracking PKH26 red ﬂuorescenceelabeled bone marrowederived macrophages in
WT and tPA KO mice. Obstruction-induced migration of
PKH26-labeled macrophages was attenuated in tPA KO
mice (Figure 1, CeF). However, the fact that little difference of the splenic redistribution of these PKH26-positive
cells was found between WT and tPA KO mice
(Figure 1G) suggests a fundamental role of renal endogenous tPA in mediating the obstruction-induced macrophage accumulation. Experiments in bone marrow
chimeric mice demonstrated that myeloid-derived tPA is
the primary endogenous factor that modulates macrophage
migration (Figure 2). This notion is further supported by
the ﬁnding in the chimeric mice that the concentration of
tPA (Figure 2I) in the circulation has little effect on renal
ﬁbrosis and interstitial macrophage accumulation
(Figure 2, AeH). In addition, exogenous tPA also promoted J774 macrophage migration in vitro (Figure 3).
Thus, it is likely that myeloid-derived tPA modulates inﬂammatory inﬁltration by affecting cell motility. Intriguingly, tPA-induced macrophage motility is likely through a
mechanism independent of the MCP-1 and CCR2 axis,
because the levels of MCP-1 and CCR2 are similar in tPA
KO and WT mice after UUO for 7 days (data not shown)
and MCP-1 has little effect on tPA-induced macrophage
motility (Figure 3E).
Although tPA, as a potent serine protease, activates
several proteases (plasminogen and MMPs)6 and growth
factors (TGF-b1 and platelet-derived growth factor-CC)7e9
that participate in the regulation of cell motility, its protease activity is dispensable to tPA-mediated macrophage
migration (Figure 3C). Instead, tPA activated a series of
intracellular signaling events that control cell motility. tPA
promoted FAK Tyr925 phosphorylation and Rac1 activation
in a temporal order (Figure 5, A and B). We further
conﬁrmed that FAK is the upstream kinase that activates
Rac1, because FRNK, a dominant-negative FAK
mutant,21,27 inhibited the phosphorylation of FAK Tyr925,
eliminated the activation of Rac1, and subsequently abolished tPA-induced macrophage migration (Figure 5, CeE).
By contrast, ectopic expression of WT FAK mimicked tPA
and promoted macrophage migration (Figure 5F). tPA induces phosphorylation of FAK at Tyr925 through activation
of integrin CD11b signaling (Figure 4). These results are
consistent with our recent ﬁnding that tPA activates CD11b
signaling in J774 macrophages,15 and that CD11b has been
shown to mediate tPA-initiated peritoneal macrophage
efﬂux in a lipopolysaccharide-induced peritonitis model.33
On activation, integrin induces FAK autophosphorylation
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at Tyr397 and its exposure to Src family kinases, which
phosphorylates additional tyrosine residues on FAK, leading
to its full activation.19 In contrast to a previous report34 that
phosphorylation of FAK at Src-dependent Tyr576, Tyr577,
and Tyr881 are responsible for FAK-mediated Rac1 activation in smooth muscle cells, our results indicate that FAK
Tyr925 is a new tyrosine site that mediates tPA-induced
Rac1 activation and subsequent macrophage migration
(Figure 5). Recent studies suggest that FAK might regulate
cytoskeletal events through modulation of the paxillin kinase linker (PKL/Git2) and b-pix complex.20 b-pix, as an
exchange factor for Cdc42, is connected to focal adhesions
through binding of PKL/Git2 to paxillin,35 and also serves
as a scaffold to activate Rac and PAK signaling.36 FAK
induces the tyrosine phosphorylation of b-pix, leading to the
recruitment and activation of Rac1 and, subsequently, the
rearrangement of actin cytoskeleton and cell migration.37 Of
note, urokinase-type plasminogen activator receptor
(uPAR), the receptor of tPA’s close cousin, uPA, also
modulates Rac1 activity and cell motility through interaction with integrins.38,39 Moreover, CD11b-mediated NF-kB
is also indispensable to tPA-induced macrophage motility
(Figure 5H).
Myeloid-derived tPA promotes macrophage migration
through a novel signaling cascade involving FAK, Rac1,
and NF-kB. This migratory signaling pathway is also
operative in vivo because tPA promoted FAK phosphorylation in macrophages during the course of obstructive
renal injury, as indicated by ﬂow cytometry and double
immunoﬂuorescence staining (Figure 6, AeD); and
obstruction-induced Rac1 activation in the WT mice was
mostly alleviated in tPA-deﬁcient mice (Figure 6, E and F).
tPA also promotes NF-kB activation in macrophages,
which is related to the interstitial accumulation of the
macrophages.15 Therapeutic strategy targeting this migratory signaling, not only suppresses the inﬂammatory
inﬁltration, but also reduces the cells that generate the
pathogenic myeloid-derived tPA, making these ﬁndings
clinically signiﬁcant.
Of note, it is known that macrophages, in response to
injury, differentiate into two distinct subsets through classical activation (M1) or alternative activation (M2).1
Generally, M1 macrophages promote inﬂammation and
exaggerate damage, whereas M2 macrophages help to
resolve inﬂammation and promote tissue remodeling.1,2 It is
not clear whether tPA differentially promotes the inﬁltration
and accumulation of one subset of macrophages over the
other. However, we found that obstruction-induced inﬁltration of CD11b macrophages, ﬁbroblast activation, and
matrix deposition are attenuated in tPA-deﬁcient mice.13,15
Together with our previous ﬁnding that exogenous tPA induces the expression of M1-like chemokines in J774 macrophages,15 it is reasonable to speculate that tPA might
preferably promote the inﬁltration of M1 macrophages.
However, in disease conditions, differentiation between M1
and M2 macrophages is dynamic and macrophages can
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switch their phenotype at different disease stages.40 Future
investigation is required to address these questions.
In summary, we have established that myeloid-derived
tPA promotes macrophage accumulation in the diseased
kidneys by enhancing the motility of these cells. We have
also deﬁned a novel tPA-mediated migratory signaling
pathway involving FAK phosphorylation, Rac1 activation,
and the resultant increase of macrophage motility.
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