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Background: Macrophages become resistant to apoptosis in response to pathogenic cues.

Results: Tissue-type plasminogen activator (tPA) protects the classically activated macrophages from apoptosis.

Conclusion: tPA is an endogenous factor that promotes macrophage survival.

Significance: tPA modulates inflammation by promoting the survival of polarized macrophages through a new signaling

cascade.

Macrophage accumulation is one of the hallmarks of progres-
sive kidney disease. Resting macrophages have a finite lifespan,
but become resistant to apoptosis in response to pathogenic
cues, whereas the underlying mechanism remains unknown.
Tissue-type plasminogen activator (tPA), a protease up-regu-
lated in the kidneys with chronic injury, has been shown to pro-
mote macrophage accumulation and renal inflammation. We
hypothesized that tPA may be the endogenous factor that pro-
motes macrophage survival and extends their lifespan that leads
to their accumulation in the injured kidneys. We examined the
role of tPA in macrophage survival, and found that tPA pro-
tected macrophages from both staurosporine and H,O,-in-
duced apoptosis. tPA promoted the survival of both resting and
lipopolysaccharide- or interferon-y-induced M1 macrophages,
but failed to do so in the interleukin 4 (IL4)-induced M2 macro-
phages. In the kidneys with unilateral ureteral obstruction,
there were significantly more apoptotic M1 macrophages in
tPA-deficient mice than their wild-type counterparts, and
obstruction-induced M1 macrophages accumulation and M1
chemokine expression were markedly reduced in these knock-
out mice. The cytoprotective effect of tPA required its receptor,
LDL receptor-related protein-1 (LRP-1). tPA induced the phos-
phorylation of Erk1/2, p90 ribosomal S6 kinase (RSK), and p38
in a temporal order. The tPA-mediated macrophage survival
was eliminated by PD98059, BI-D1870, or sc68376, the specific
inhibitors for Erk1/2, p90RSK, or p38, respectively. Thus, it is
clear that tPA promoted M1 macrophage survival through its
receptor LRP-1-mediated novel signaling cascade involving
Erk1/2, p90RSK, and p38, which leads to the accumulation of
these cells in the injured kidneys.
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Macrophage accumulation is one of the histological hall-
marks of most interstitial and glomerular kidney diseases (1, 2).
Sustained macrophage accumulation in the damaged kidneys
eventually becomes pathological, resulting in irreversible fibro-
sis, tissue destruction, and progressive chronic kidney disease
(CKD)? (1). The number of renal macrophages is finely regu-
lated by the balance among the expansion through prolifera-
tion, clearance by apoptotic death, and the recruitment of cir-
culating monocytes (1, 3, 4). Resting macrophages have a finite
lifespan and presumably undergo apoptotic death locally (1).
Intriguingly, differentiated macrophages in response to patho-
genic cues display an extended lifespan and are resistant to
apoptosis (5, 6), leading to the accumulation of these cells at the
sites of injury. However, the underlying mechanisms remain
largely unknown.

In disease conditions, macrophages are differentiated into
two broad but distinct subsets that are categorized as either
classically activated (M1) or alternatively activated (M2) (1).
During classical activation, M1 macrophages express a panoply
of proinflammatory genes to promote inflammation and dam-
age through a combination of transcription factors, including
NEF-kB, and mitogen-activated protein kinases (MAPKs) (7). In
contrast, M2 macrophages, differentiated from alternative
activation, help to resolve inflammation and promote tissue
remodeling.

tPA, a member of the serine protease family, has been shown
to act as a profibrotic cytokine to promote the progression of
CKD by triggering profound receptor-mediated intracellular
signaling events including MAPKs (8 —15). Increasing evidence
indicates that tPA modulates inflammation in various disease
models (14 -20). Our recent work demonstrated that tPA pro-
motes macrophage accumulation and renal inflammation, and
induces NF-«kB-dependent chemokine expression in a CKD
model (14, 19). Notably, increased macrophage accumulation

2 The abbreviations used are: CKD, chronic kidney disease; LRP-1, LDL recep-
tor-related protein-1; NF-kB, nuclear factor-«B; p90RSK, p90 ribosomal S6
kinase; tPA, tissue-type plasminogen activator; UUO, unilateral ureteral
obstruction.
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in the obstructed kidneys is accompanied by the concomitant
up-regulation of tPA and its receptor LRP-1 (10, 11), suggesting
that tPA signaling may play an important role in the modula-
tion of the fate and polarity of the differentiated macrophages
during chronic kidney disease.

In the present study, we investigated the role of tPA in
macrophage survival and elucidated the underlying signaling
mechanisms. Our data demonstrated that tPA differentially
promotes M1 macrophage accumulation in the obstructed kid-
neys by inducing their survival through a novel LRP-1-medi-
ated signaling cascade of Erkl1/2, p90 ribosomal S6 kinase
(RSK), and p38.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The anti-phospho- and total-Erk,
P90RSK, p38 antibodies, as well as the cleaved caspase 3 anti-
body, were purchased from Cell Signaling Technology (Beverly,
MA). Mouse a-tubulin antibody, staurosporine, and lipopoly-
saccharide (LPS) were obtained from Sigma. Anti-CD 11b and
anti-F4/80 antibodies, MIP-1ae and IP-10 ELISA kits, and
mouse recombinant IL-4 were purchased from eBioscience
(San Diego, CA). Anti-Ym1 antibody was from Stemcell Tech-
nologies (Vancouver, BC, Canada). Mouse recombinant IFN-y
was supplied by Peprotech (Rocky Hill, NJ). Mouse monoclonal
anti-LRP-1 (11H4) antibody was prepared as previously
described (11, 12). The secondary HRP-conjugated antibodies,
fetal bovine serum (FBS), and supplements were obtained from
Fisher Scientific. The non-enzymatic tPA was supplied by
Molecular Innovations Inc. (Southfield, MI). The recombinant
human single-chain wild-type tPA was purchased from Amer-
ican Diagnostica Inc. (Stamford, CT). Dulbecco’s modified
Eagle’s medium (DMEM) was obtained from American Type
Culture Collection (ATCC, Manassas, VA). All other chemicals
of analytic grade were obtained from Sigma or Fisher Scientific
unless otherwise indicated.

Cell Culture—Mouse macrophages J774.A1 were purchased
from ATCC and maintained as previously described (14). Pri-
mary bone marrow-derived macrophages were prepared and
maintained as previously reported (19). After a 24-h serum-free
starvation, the macrophages were treated with vehicle or non-
enzymatic or wild-type tPA for various periods of time as indi-
cated and then collected for different assays.

Animal Model—Homozygous tPA knock-out (KO) and wild-
type (WT) mice on C57BL/6 background were purchased from
the Jackson Laboratory (Bar Harbor, ME) and maintained as
previously described (8, 10, 12, 14). Macrophage-specific LRP-1
KO mice (LysMCre"LRP?*¥f°%) were generated by cross-
breeding LRP-1 floxed mice on C57BL/6 background (provided
by Drs. Wendy M. Mars and Joachim Herz) with macrophage-
specific LysMCre C57BL/6 mice (Jackson Laboratory) (21-24).
The animal protocol was approved by the Institutional Animal
Care and Use Committee at the Penn State University College
of Medicine. Unilateral ureteral obstruction (UUQO) was per-
formed in 2022 g male mice (3—5 mice per group) using estab-
lished procedures (8, 10, 12, 14).

Flow Cytometry—Single-cell suspensions from the whole
kidneys were prepared as preciously described (14, 19). The
cells were stained with antibodies against CD45, CD11b, F4/80,
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CD206, TNFq, arginase 1, IL-13, and cleaved caspase-3, fol-
lowed by flow cytometry analysis using LSR II SORP machine
(BD Biosciences, San Diego, CA) and FlowJo 7.6.1 software
(Tree Star Inc., Ashland, OR).

Western Blot Analysis—Samples were prepared and sepa-
rated on 10% SDS-polyacrylamide gels as previously described
(8, 10-12, 14), followed by protein transfer to a PVDF mem-
brane and incubation with various primary antibodies and
HRP-conjugated secondary antibodies. Signals were visualized
by a Chemiluminescent Substrate kit (Thermo Fisher
Scientific).

Quantitative RT-PCR—Total RNA was extracted and reverse
transcribed into cDNA and amplified using the SYBR Green
PCR kit (Qiagen, Valencia, CA) as previously described (10, 14).
The sequence of the primers was reported elsewhere (25, 26).
Relative level of mRNAs was quantified and normalized to
B-actin.

Statistical Analysis—All experimental data were presented as
mean * S.E. Statistical analysis of the data were performed
using SigmaStat software (Jandel Scientific Software). Compar-
ison between multiple groups was performed using one-way
analysis of variance followed by Student-Newman-Keuls test or
Student’s ¢ test between two groups. A p value of less than 0.05
was considered statistically significant.

RESULTS

tPA Promotes M1 Macrophages Accumulation in the Obstruc-
ted Kidneys—Our previous work showed that macrophage
accumulation in obstruction-induced fibrotic kidneys was alle-
viated in tPA-deficient mice (14, 19). We further examined the
macrophage polarity in the obstructed kidneys from WT
and tPA KO mice. UUO was performed for 7 days in these
mice. Flow cytometry analyses showed that WT mice had a
significantly higher number of CD11b*F4/80'°CD206~ M1
macrophages (27, 28), which were further validated as
TNFa "arginase-1" cells, than tPA KO mice (Fig. 1, A and B).
However, there was no statistical significance in the numbers of
M2 (CD11b*F4/80™CD206%) macrophages (27, 28), which
were also arginase-1"TNFa~, between tPA KO mice and WT
mice. We found that tPA also induces the in vivo mRNA expres-
sion of IFN-y (Fig. 1C), as well as the in vitro expression of IL-13
(Fig. 1E) and TNF-« (Fig. 1F) in macrophages. Flow cytometry
data further confirmed that there were more TNFa-expressing
CD11b-positive macrophages in the obstructed kidneys from
WT mice than from tPA KO mice (Fig. 1D), suggesting that tPA
promotes M1 chemokine expression both in vivo and in vitro.
This result is also consistent with our previous work that tPA
promotes NF-kB-dependent M1 chemokine expression, such
as IP-10 and MIP-1« (14). Thus, tPA preferably promotes M1
macrophage accumulation at UUO 7 days.

tPA Promotes the Survival of M1 Macrophages but Not M2
Macrophages—We examined the role of tPA in cell survival in
the resting macrophages. ]774 macrophages were treated with
100 nm staurosporine with or without tPA for 4 h, followed by
Western blot for cleaved caspase-3 or DNA fragmentation
assay, the two classical markers of apoptosis (8). We found that
tPA dose-dependently protected J774 cells from staurosporine-
induced apoptosis (Fig. 2A4). tPA also protected J774 macro-
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FIGURE 1.tPA promotes M1 macrophage accumulation and induces M1 chemokine expression. A, representative figure showing flow cytometry analyses.
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expressing CD11b* macrophages (D) in WT and tPA KO mice with UUO 7 days. *, p < 0.05; **,p < 0.01,n = 5 mice per group. CLK, contralateral control kidneys.
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FIGURE 2. tPA protects M1 macrophage against apoptosis. A, J774 macrophages were treated with 100 nm staurosporine with or without tPA (1, 5, 10, and
20 nw) for 4 h, followed by Western blot for cleaved caspase-3 and a-tubulin. B, J774 cells were treated with 500 um H,0, plus 10 nm tPA or vehicle for 16 h,
followed by Western blot for cleaved caspase-3 and a-tubulin. C, J774 cells were treated with 100 nm staurosporine with or without 10 nm tPA for 4 h, followed
by DNA fragmentation assay. **, p < 0.01, n = 3. D, J774 cells were treated with 100 nm staurosporine with or without 10 nm heat-inactivated tPA (tPA-boil) for
4 h, followed by Western blot for cleaved caspase-3 and a-tubulin. £, 774 cells were treated with 100 nm staurosporine with or without 10 nm wild-type tPA
(tPA-wt) for 4 h, followed by Western blot for cleaved caspase-3 and a-tubulin. The supernatants of J774 treated with 1 ug/ml of LPS overnight were subjected
to ELISA for MIP-1« (F) and IP-10 (G). **, p < 0.01, n = 5-6.J774 cells were treated with 1 wg/ml of LPS (H), 10 ng/ml of IFN-v (/), or 100 ng/ml of IL-4 (J) overnight,
followed by incubation with 100 nm staurosporine with or without 10 nm tPA for 4 h. Apoptosis was assessed by Western blot for cleaved caspase-3. K, Western
blot for Ym1, arginase-1, and a-tubulin in J774 cells treated with 100 ng/ml of IL-4 overnight. Single cell suspensions prepared from whole obstructed kidneys
from tPA WT and KO mice were subjected to flow cytometry analyses to quantify cleaved caspse-3-positive IL-13-expressing (L and M) or CD206-expressing (N
and 0) CD11b™ macrophages. L and N, representative pictures of flow cytometry analyses. M and O, quantitative illustrations. **, p < 0.01, n = 4 mice per group.
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FIGURE 3. tPA activates sequential survival signaling of Erk1/2, p90RSK, and p38. J774 macrophages were treated with 10 nm tPA for the indicated time
periods, followed by Western blot for phospho- and total Erk1/2 (A), phospho-p90RSK (B), and phospho- and total p38 (C). J774 macrophages (D-F) or primary
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nm tPA for 5 or 10 min. D and G, Western blots for phospho-p90RSK and a-tubulin. E, F, H, and I, Western blots for phospho-p38 and «-tubulin. Kidney
homogenates from WT and tPA KO mice with UUO for 7 days were subjected to Western blot for phospho-specific Erk1/2 (Jand K), p90RSK (L and M), p38 (N and
0), and GAPDH. J, L, and N, representative Western blots. K, M, and O, quantitative illustrations. *, p < 0.05; **, p < 0.01, n = 5 mice per group. CLK, control

kidneys. The number indicates the individual mouse.

phages against apoptosis triggered by H,O, (Fig. 2B), another
typical apoptotic inducer (8). A DNA fragmentation assay fur-
ther validated the anti-apoptotic effect of tPA in macrophages
(Fig. 2C). Both non-enzymatic (Fig. 2, A-C) and wild-type tPA
(Fig. 2E) had similar effects on macrophage survival suggesting
that the anti-apoptotic effect of tPA is independent of its pro-
tease activities. The cytoprotective effect of tPA was also oper-
ative in the LPS, a well known M1 stimulator (29-31), con-
verted M1 or M(LPS) macrophages (32), as indicated by the
reduction of staurosporine-induced cleaved caspase-3 after
tPA treatment (Fig. 2H). M(LPS) phenotype was confirmed by
the induction of M1 chemokine expression in J774 macro-
phages (Fig. 2, Fand G). The interference of possible endotoxin
contamination in tPA solution was excluded because the heat-
inactivated tPA had little effect on macrophage apoptosis (Fig.
2D). We further found that tPA also protected IFN-vy-induced
M1 or M(IFN-v) macrophages from staurosporine-induced
apoptosis (Fig. 21). However, tPA had little effect on the survival
of IL4-induced M2 or M(IL4) macrophages (29-31) (Fig. 2)).
The M(IL4) phenotype was confirmed by induction of Ym1 and
arginase-1 expression in these cells (Fig. 2K). To examine the in
vivo relevance of tPA effects, CD11b-positive macrophages in
the whole obstructed kidneys from tPA WT and KO mice were
sorted by flow cytometry, and the apoptotic M1 (cleaved
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caspase-3"IL1B") and M2 (cleaved caspase-3"CD206")
macrophages were further quantified. We found that there
were more apoptotic M1 macrophages in the obstructed kid-
neys from tPA KO mice than from WT mice (Fig. 2, L and M). In
contrast, tPA WT mice appeared to have more apoptotic M2
macrophages than KO mice, although the difference did not
reach statistical significance (Fig. 2, N and O). Thus, it is clear
that tPA differentially promotes the survival of M1, which con-
tributes to the accumulation of these cells in the fibrotic
kidneys.

tPA Activates a Sequential Survival Signaling of Erk1/2,
PIORSK, and p38—]774 macrophages were treated with 10 nm
non-enzymatic tPA for various time periods, followed by West-
ern blot for phospho-Erk1/2, p90RSK, and p38. It was found
that tPA induced the phosphorylation of Erk1/2 as early as 0.5
min (Fig. 3A), followed by phosphorylation of p90RSK from 1 to
10 min (Fig. 3B). Blockade of Erk1/2 signaling by its specific
inhibitor PD98059 abrogated tPA-induced p90RSK phosphor-
ylation (Fig. 3D). Thus, p90RSK acted as the downstream effec-
tor of Erkl1/2 in the tPA-mediated survival signaling cascade,
which is consistent with our previous finding in fibroblasts (8).
Notably, tPA also activated p38 MAPK from 5 to 30 min (Fig.
3C). The temporal order of tPA-induced phosphory-
lation of Erk1/2, p90RSK, and p38 MAPK suggested that p38 is
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the downstream mediator of the Erk1/2/p90RSK pathway. This
was confirmed by the inhibition experiments that both
PD98059 (Fig. 3E) and BI-D1870 (Fig. 3F), a specific p9ORSK
inhibitor (33-35), suppressed tPA-induced p38 phosphoryla-
tion in J774 macrophages. Of note, tPA-activated sequential
order of the survival signal events were also reproducible in the
primary bone marrow macrophages extracted from WT mice
(Fig. 3, G-I).

To determine whether tPA promotes survival signaling of
Erk1/2, p90RSK, and p38 pathway in vivo, UUO was performed
in WT and tPA KO mice for 7 days, followed by Western blot
for phospho-Erk1/2, p90RSK, and p38. As shown in Fig. 3, /-0,
phosphorylation of Erk1/2, p90RSK, and p38 were induced in
the WT mice after UUO; but tPA KO mice displayed dramati-
cally decreased Erk1/2, p90RSK, or p38 activation. Thus, tPA
also activates the above survival signaling cascade involving
Erk1/2, p90RSK, and p38 in vivo.

LRP-1 Mediates the Anti-apoptosis Effect of tPA in Macro-
phages—Our previous work demonstrated that tPA receptor
LRP-1 transduces tPA-induced Erk1/2/p90RSK signaling and
mediates its cytoprotective effect in fibroblasts (8, 20). We fur-
ther examined the role of LRP-1 in macrophage survival. Bone
marrow-derived macrophages were extracted from macro-
phage-specific LRP-1 KO mice (LysMCre " LRP?*/1°) (21-24)
and their littermate controls (LysMCre  LRP™ /%) followed
by treatment with staurosporine (100 nm) with or without 10
nM tPA for 4 h. As shown in Fig. 4, A and B, tPA activated the
survival of p38 signaling (Fig. 4B) and protected against stauro-
sporine-induced apoptosis (Fig. 44) in the LRP-1""* macro-
phages, but failed to do so in the LRP-1~/~ macrophages. We
also knocked down the expression of LRP-1 in J774 macro-
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phages using siRNA interference, and found that transfection
of LRP-1 siRNA abrogated tPA-mediated suppression of
caspase-3 cleavage (Fig. 4, C and D) and p38 phosphorylation
(Fig. 4E). Thus, LRP-1 mediated the cytoprotective effects of
tPA in macrophages.

Erkl1/2, p90RSK, and p38 Signaling Is Indispensable to tPA-
induced Macrophage Survival—Next, we examined the role of
Erk1/2, p90RSK, and p38 in tPA-induced macrophage survival.
J774 macrophages were treated with various inhibitors includ-
ing PD98059 (20 M), BI-D1870 (125 nm), and sc68376 (20 pum)
for 1 h, followed by incubation of 100 nMm staurosporine with or
without 10 nM tPA for an additional 4 h. Apoptosis was evalu-
ated by Western blot for cleaved caspase-3. It was found that
these specific kinase inhibitors restored the tPA-suppressed
protein level of cleaved caspase-3 (Fig. 5, A—F). Of note, the
roles of Erk1/2, p90RSK, and p38 in tPA-mediated macrophage
survival were also validated in primary bone marrow macro-
phages derived from WT mice (Fig. 5G). Thus, it is clear that
tPA promotes macrophage survival through the LRP-1-medi-
ated Erk1/2, p90RSK, and p38 pathways.

DISCUSSION

Interstitial macrophage accumulation is one of the histolog-
ical characteristics of both acute kidney injury and CKD. In
response to persistent inflammatory injury, macrophages start
to accumulate within tissue and organs through enhanced infil-
tration, augmented proliferation, or decreased apoptosis (1, 3,
4). tPA has been shown to modulate macrophage accumulation
in various organs (14—19). In an acute brain injury model, tPA
was shown to mediate F4/80 macrophage accumulation and
activation in the ischemic brain (16). It was also found that tPA

SASBMB

VOLUME 290-NUMBER 12+MARCH 20, 2015



tPA Promotes M1 Macrophage Survival

A hicl PD98059 B P>0.05
—VEEE - B2 1Pa (10nM) . aaiE L
20—++++staur gé'
—_— e — 'gfsaBlaesdea § S 0.4
- | 88 1
50- M - .-{115U i S 00— tPa(10nM)
-+ + _+ + staur
vehicle  PD98059
c vehicle BI-D1870 D et
- - + = — + tPA(10nM) 1.0 *k
-~ 4 4 = 4 4 slaur 'U«"OS
20- | @Y
- et SR
O q Y-
’ - - + - -+ tPA(10nM)
-+ + = + + staur
vehicle BI-D1870
E hicl 68376 F
—_vehicle  SCOO370 o\ (10nM) © 08 * P>0.05
- + + + + staur Bo
20- _cleaved 5804
| eI 5
. °8 0.0
50- -a-tubulin - - + - + tPA (10nM)
-+ + + + staur
vehicle sc68376
G vehicle PD98059 _sc68376 _BI-D1870
= - ¥ -+ T- % "= ¥ {PA(10nM)
-+ + + o+ + + + + staur
20- _cleaved
caspase-3
50- ' -o-tubulin

macrophages

FIGURE 5. tPA promotes macrophage survival through the Erk1/2, p90RSK, and p38 pathways. J774 macrophages (A-F) or primary bone marrow
macrophages (G) were treated with 20 um PD98059 (A, B, and G), 125 nm BI-D1870 (C, D, and G), or 20 um sc68376 (E, F, and G) for 1 h, followed by incubation
with 100 nm staurosporine plus vehicle or 10 nm tPA for an additional 4 h. Cell apoptosis was evaluated by Western blot for cleaved caspase-3. A, C, E, and G,
representative Western blots. B, D, and F, quantitative illustrations. ¥, p < 0.05; **, p < 0.01,n = 3.

promotes the accumulation of macrophages or other leuko-
cytes in both models of acute (18) and chronic kidney injury (14,
19). Intriguingly, the increased macrophage accumulation in
the above models is also accompanied by the concomitant
induction of tPA (10, 11, 36, 37), suggesting that tPA may be a
common endogenous factor that modulates macrophage func-
tions and inflammatory response in multiple organ systems.
In response to injury, macrophages differentiate into two dis-
tinct subsets through classical activation (M1) or alternative
activation (M2) (1). Generally, M1 macrophages, stimulated by
LPS and IFN-+, promote inflammation and exaggerate damage,
whereas M2 macrophages, stimulated by IL-4/IL-13, help to
resolve inflammation and promote tissue remodeling (1, 2).
Although we have shown that accumulation of CD11b macro-
phages, as well as fibroblast activation and matrix deposition,
are attenuated in the obstruction-induced fibrotic kidneys from
tPA-deficient mice (12, 14, 19), it is not clear whether tPA dif-
ferentially promotes the infiltration and accumulation of one
subset of macrophages over the other. Based on our previous
observation that tPA activates NF-kB and induces the expres-
sion of M1-like chemokines in J774 macrophages (14), we
hypothesized that tPA might preferably induce M1 macro-
phage accumulation and promote renal inflammation. As
shown in Fig. 1, A-D, obstruction-induced accumulation of M1
macrophages was attenuated in fibrotic kidneys from tPA-de-
ficient mice, accompanied by the according alteration of M1
chemokines such as IFN-vy and TNFa. tPA also induced M1
chemokine IL-18 and TNF-a expression in vitro (Fig. 1, E and
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F), suggesting that tPA promotes the M1 phenotype of macro-
phages. In contrast, tPA had little effect on the numbers of renal
M2 macrophages in either WT or tPA KO mice (Fig. 1B).
Therefore, our data clearly supported our hypothesis.
Although the fate of differentiated macrophages has not been
fully examined, recruited macrophages within individual
organs usually stay local and are cleared through apoptosis (1).
In response to pathogenic cues, differentiated macrophages at
the sites of injury display a prolonged lifespan and are resistant
to apoptotic death (5, 6). It is possible that tPA, concomitantly
induced in the injured organs (10, 11, 36, 37), is an endogenous
factor regulating this process. We examined the role of tPA in
the survival of both resting and differentiated macrophages. We
found that tPA not only protected resting macrophages from
both staurosporine- and H,O,-induced apoptosis (Fig. 2, A-C),
but also promoted the survival of LPS and IFN-vy-stimulated
M1 macrophages (Fig. 2, F-I). However, tPA failed to protect
the IL4-induced M2 macrophage against apoptosis (Fig. 2, Jand
K). To further clarify the effects of tPA on the fate of M1 and M2
macrophages in vivo, we analyzed and quantified the apoptotic
M1 and M2 macrophages in the kidneys from WT and tPA KO
mice using flow cytometry, and found that tPA KO mice had
significantly more apoptotic M1 macrophages than WT mice
(Fig. 2, L and M). In contrast, both WT and tPA KO mice had
similar numbers of apoptotic M2 macrophages (Fig. 2, N and
0). Thus, it is clear that tPA preferably promotes the survival of
M1 macrophages, which together with our recent finding that
tPA promotes macrophage migration into diseased kidneys
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FIGURE 6. Schematic illustration of tPA-induced survival signaling. tPA
binds to receptor LRP-1 and induces sequential phosphorylation of Erk1/2,
P90RSK, and p38, which in turn promotes the survival of M1 macrophages.
Knock-out or siRNA knockdown of LRP-1 or pretreatment with the respective
inhibitor of Erk1/2, p90RSK, or p38 blocks the cytoprotective effects of tPA.

(19) eventually leads to the accumulation of these cells during
chronic renal injury.

The cytoprotective effect of tPA was mediated through its
receptor LRP-1 (Fig. 4). tPA activated a series of intracellular
signaling events that promotes macrophage survival. As shown
in Fig. 3, tPA induced the phosphorylation of Erk1/2, p90RSK,
and p38 in a temporal order. We further confirmed that
P90RSK acted as the downstream mediator of Erk1/2, but func-
tioned as the upstream kinase of the p38 pathway by employing
various specific kinase inhibitors (Fig. 3, D—I). The 90-kDa ribo-
somal S6 kinases (RSKs) are a group of serine/threonine kinases
that regulate diverse cellular processes including cell survival
(35, 38). There are 4 RSK isoforms (RSK1-4), of which RSK1,
the predominant isoform in the kidney, is also designated as
P90RSK. RSKs play an important role in the Ras-MAPK signal-
ing cascade and are the direct downstream effectors of the Ras-
Erk1/2 signaling. Erk1/2 activation directly phosphorylates and
activates RSKs (35, 38, 39), which, in turn, activate various sig-
naling events through selection of different phosphorylation
substrates including GSK3p, Bad, and I«B (35, 38). In contrast
to our previous finding that Bad acts as a downstream substrate
of p90RSK in mediating tPA-induced fibroblast survival (8), our
present study indicates that p9ORSK-mediated tPA-induced
macrophage survival through the p38 pathway (Figs. 3 and 5).
Thus far, there are three known MAPK members: Erk1/2, the
¢-Jun N-terminal kinases (JNKs), and the p38 (40). It is known
that p38 functions in parallel to Erk1/2 MAPK, and usually
promotes apoptosis (41). However, our current results indicate
that p38 acts as a downstream effector of Erk1/2 and p90RSK
signaling to promote the survival of macrophages. Although the
exact mechanism remains unknown, it is possible that p38 or its
upstream MAPK kinases are among one of the expanding list of
P90RSK substrates. Our current finding is in line with a previ-
ous report that p38 can be activated by Erk1/2 and acts as its
downstream effector to modulate cell senescence (42). Because
p90RSK can activate numerous signaling cascades through
phosphorylating a wide range of substrates, our present study
indicates that p90RSK may play an important role in the cross-
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talk between different MAPKs, as well as MAPKs and other
signaling pathways.

As summarized in Fig. 6, the present study has established
that tPA promotes M1 macrophage accumulation in the dis-
eased kidneys through a novel receptor LRP-1-mediated signal-
ing cascade involving Erk1/2, p90RSK, and p38 MAPK. Block-
ade of each step within this survival signaling eliminates
tPA-induced cytoprotection of macrophages.
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