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thrombosis, renal failure, and thrombocytopenia despite an
abundance of renal cytokines and chemokines.

A Role for NE in Renal Damage

Mac-1 engagement can lead to NE release,!”-1% suggesting it
as a possible effector of Mac-1. Mice deficient in NE
subjected to TGN exhibited a reduction in disease indices
compared with WT cohorts. Glomerular neutrophil recruie-
ment was reduced in NE-deficient mice, which phenocopies
the Mac-1"*" mice (Table 2). To determine whether NE was
downstream of Muc-1, we compared NE activity in plasma of
WT and Mac-17"" mice by quantifying levels of NE-digested
fibrinogen degradation products (e-XDP)."* A significant
reduction in NE-derived fibrinogen products was observed in
plasma sarmples of Mac-17" compared with WT mice at day
1 afler disease induction (Table 3).
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Figure 1. Development of a mutine TGN
model. A, Kidneys were harvested from
mice injected with conirel {Con) rabbit
serum with lipopolysaccharide (LPS) or 2
intravenous injections of ant-GBM serum
{cGBM;j at 1 hour intervals followed by
lipopolysaccharide. Representative Mas-
son trichrome-stained sections of kidneys
harvested 96 hours later of TGN are
shown. Only mice given anti-GBM serum
antibody plus lipopolysaccharide exhib-
ited massive glomerular thrombosis, tubu-
lar dilatation and casts {top and middie
panels), and plugging of large vessels
{bottom panel). Bar=100 gm #op, bot-
tomy}, 30 pm (middle). B, Serum creatinine
(sCr) and BUN levels were evaluated in
WT mice before (untreated) and 96 hours
afler injection with contral or anti-GBM
serum plus lipopolysaccharide. *P<0.05
compared with control. C, Mice treated
with control IgG (control or neutrophil
immunodepleting anti-Gr-1 {«Gr-1) were
subjected to TGN. Shown are representa-
tive PAS- and PTAH-stained sections that
demonstrate a partial reduction in glomer-
ular thrombus formation (PAS) and fibrin
deposition (PTAH} in anti-Gr-1-treated
mice. Scoring of PAS-positive glomeruli is
presented. Bar=30 pm. D, Neutrophi!
immunodepletion partially attenuated
serum creatinine and BUN, biochemical
markers for renal function, and LDH, a
general marker for organ damage. Data
represent mean+=SEM. “F<0.05 com-
pared with control.

Platelet Iimmunodepletion Accelerates TGN in WT
Mice, But Thrombocytopenic Mac-1-Deficient
Mice Remain Resistant {o Disease

It is widely recognized that plaiclets play important roles in
the pathogenesis of thrombotic diseases, but there is also
convincing evidence that inflamrpation is a potent trigger of
hemorrhage in the absence of platelets.*® Here we evaluated
accumulation of platelets and their role in TGN development.
Platelets deposited in glomerular capillaries witliin 4 hours of
TGN induction (Figure 3A), and this was dependent on
Mac-1 {(intensity of GPIb« staining. WT/control:
0.04720.01: WT/TGN: 0.557x0.032 [median. 9.576]; Mac-
177/TGN: 0.313£0.073 [median, 0.303]: £<Q.038 for WY/
TGN versus Mac-177/TGN}. Next, platciets were immu-
nodepleted with anti-GPIba antibody 12 hours before disease
induction. This regimen maintuined low circulating platelet
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Mac-1 (CD11b/CD18) Links Inflammation and Thrombosis
After Glomerular Injury
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Backgrourd—Inflammation and thrombosis coexist in several disorders. Although it is recognized that leukocytes may
induce a procoagulant state at sites of inflamumation, the critical molecular determinants of this process remain largely
unknown.

Methods and Results—To examine mechanisms of inflammation-induced thrombosis, we developed a murine model of
thrombotic glomerulonephritis (TGN), a known cause of acute renal failure in patients. This medel, induced by
lipopolysaccharide and antibody to the glomerular basement membrane, led to rapid glomerular neutrophil recruitment,
thrombotic glomerular lesions with endothelial cell injury, and renal dysfunction. In mice immunodepleted of
neutrophils or lacking the leukocyte-specific integrin Mac-1, neutrophil recruitment, endothelial injury, glomerular
thrombosis, and acute renal failure were markedly attenuated despite the robust generation of renal cytokines.
Neutrophil elastase is a likely effector of Mac-1 because its activity was reduced in Mac-1—-deficient mice and the
phenotype in mice deficient in Mac-1 or neutrophil elastase was similar. Platelets accumulated in glomerular capillaries
within 4 hours of TGN before evidence of thrombosis. Platelet immunodepletion before TGN markedly exacerbated
hematuria (hemorrhage), inflammation, and injury, whereas thrombocytopenic Mac-1-deficient mice remained resistant
to disease, indicating that initial glomerular platelet deposition protects the vessel wall from neutrophil-mediated
sequelae. The subsequent thrombosis relied on the interaction of Mac-1 on recruited neutrophils with glycoprotein Iba
on platelets as antibody-mediated disruption of this interaction attenuated TGN without affecting renal neutrophil
accumulation.

Conclusions—These observations establish Mac-1 on neutrophils as a eritical molecular link between inflammation and
thrombosis and suggest il as an attractive target for antithrombotic therapy. {Circulation. 2009;120:1255-1265.)

Key Words: cell adhesion molecules @ inflammation B kidney ® leukocytes @ thrombosis

oagulation and inflammation are closely related entities

in many diseases. There is abundant evidence that these
2 processes intersect at multiple points, which raises the
possibility that antiinflammatory therapeutics may be used to
manage thrombotic disorders. This requires a better under-
standing of the molecular players that link leukocyte activa-
tion to the coagulation cascade. Glomerular thrombus forma-
tion is often found in severe human glomerulonephritides and
is a leading cause of acute repal failure. Thrombotic microan-
giopathy (TMA), which describes a particular histopatholog-
ical lesion as opposed to a single clinical pathological
entity,? occurs in various clinical settings including hemo-

lytic urernic syndrome (HUS), thrombotic thrombocytopenic
purpura, transplant rejection, systemic lupus erythematosus,
and glomerulonephritis exacerbated by infection. TMA is
characterized by endothelial cell swelling and detachment
mainly in arterioles and capillaries, inflammatory cell infil-
tration, and intralumninal piatelet thrombosis leading to organ
damage. Functional manifestations of TMA are clinically
classified as HUS/thrombotic thrombocytopenic purpura.®
Microvascular endothelial cell injury is sull considered the
most likely inciting factor in TMA .# This may be triggered by
bacterial-derived endotoxinsftoxins, viruses (HIV), immune
complexes, and drugs such as chemotherapeutic agents that
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Figure 2. {Continued).

3C) was observed in thrombocytopenic animals. An increase
in hemorrhage (hematuria), a rapid elevation of BUN, serum
creatinine, and LDH, and increased glomerular polymorpho-
nuclear nentrophil accumulation were also observed (Figure
3D through 3F). Platelet immunodepletion 24 hours after
induction of TGN did not exacerbate disease and indeed led
to a trend of reduced indices of renal failure (Figure II in the
online-only Data Supplement). The accumulation of platelets
within hours of TGN induction, before any evidence of
thrombosis, coupled with our data that elimination of platelets
before TGN increases glomerular injury, suggests that early
platelet deposition is cytoprotective.

Others have provided compelling evidence that inflam-
mation induces hemorrhage in the background of throm-
bocytopenia,'® but the contribution of inflammatory cells
to this process has not been evaluated directly. Thus, we
examined the role of Mac-1 in thrombocytopenia-induced
exacerbation of TGN. GPlba antibody treatment before
TGN immunodepleted platelets in both WT and Mac-1"""
mice (platelet counts: WT, <2%; Mac-1""", <3% of
control 12 hours after anti-GPlba injection). Notably,
plutelet immunodepleted Mac-1""" animals remained com-
pletely resistant to TGN-induced renal failure (Figure 4A).
This indicates that Mac-1-mediated vessel injury is coun-
teracted by platelets.

Downloaded from -

Mac-1 Interaction With Platelet GPlba

Promotes Thrombosis

Mac-1 binds GPIba on platelets. This interaction is required
for neuirophil adhesion and transmigration at sites of endo-
thelial denudation and plaielet deposition after wire-induced
vascular injury.!! Here, an antibody targeting the GPlba
binding site on CD11ib (termed anti-M2)'! was injected in
WT mice to assess the contribution of Mac-1/GPIba interac-
tion to the development of TGN. Anti-M2 treatment had no
effect on glomerular neotrophil accumulation (Figure 4B).
Despite this, a significant reduction in thrombosis (Figure 4B)
and indices of renal failure (Figure 4C) wus observed in
anti-M2 versus IgG isotype control-treated WT animals.
Because anti-M?2 did not affect neutrophil recruitment, the
data suggest a direct role for Mac-1 interaction with GPIbu
on platelets in the initiation of glomerular ithrembosis.

Discussion
The major finding of our work is that Mac-1 represents a
critical molecular link between inflammation and thrombosis
in a mode] of TGN that recapitulates features of the human
disease. Our studies iniroduce the concept that Mac-1-
mediated neutrophil recruitment and neutrophil-platelet inter-
actions are key steps in inflammation-induced thrombosis
leading to organ damage in TGN. We demonstrate that Mac-1
supports peutrophil recruitment likely through regulation of
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CLINICAL PERSPECTIVE
Under inflammatory conditions such as infection, autoimimnne diseases, and atherosclerosis, thrombosis is an important
clinical manifestation that can lead to fatal organ damage. Thrombotic microangiopathy occurs in various clinical settings
including hemolytic uremic syndrome, thrombotic thrombocytopenic purpura, transplant rejection, systemic lupus
erythematosus, and glomerulonephritis exacerbated by infection. In this article, we report that Mac-1, a leukocyte-specific
CD18 integrin, links inflammation and thrombosis in thrombotic microangiopathy. Mac-1 is responsible for vascular
endothelial damage and links neutrophil-platelet interaction through glycoprotein Iba on platelets. Blockade of
Mac-1/glycoprotein Tba interaction prevented inflamiation-induced glomerular thrombosis and preserved renal function.
In conclusion, we propose that Mac-1 is a novel therapeutic target that may prevent thrombosis in inflammatory diseases

and thus preserve vascular integrity.
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Figure 3. Immunodepletion of platelets accelerates TGN. A, TGN (ipopolysaccharide [LPS]+anti-GBM serum [«GBM} was induced in
WT mice, and renal tissue was harvested 4 hours later from these mice and untreated WT mice (normal) to immunohistochemically
assess platelet accumulation with the use of antibody that recognizes the alib subunit of «libs3 on platelets. B to F, WT mice were in-
travenously injected with anti-GPlba {«GPlba) (40 pg per mouse} or control IgG (Con) 12 hours before TGN induction. Glomerular PAS
and fibrin deposition (PTAH staining) were significantly increased (B), and glomerular CD34 expression was reduced (G} in platelet-
depleted mice in comparison with controls. The hematuria grade (D) was greater, as were biochemical markers for renal function (BUN,
serum creatinine {sCr]) and general organ damage (LDH) (E). The number of polymorphonuclear neutrophils (PMNs) per glomerulus
cross-section (F) was also increased in platelet-depleled mice. Data are mean=SEM. *P<0.05 compared with control igG group.

Bar=30 pum.

to reduce glomerular endothelial CD34, indicating a positive
correlation of this marker and TMA-related pathology. Our
model relied on immune complexes formed in situ. Another
murine model recently developed with immune complexes to
a planted antigen also resulted in renal endothelial injury and
TMA, suggesting a close link between immune complexes
and TMA-related endothelial damage.?3

Neutrophils were a prerequisite for development of throm-
bosis in TGN, and Mac-1 specifically promoted TGN. Mac-
17~ mice subjected to TGN retained CD34 and had reduced
renal E-selectin, which indicates a primary role for Mac-1 on
neutrophils in endothelial activation and injury in this model.
A deficiency in Mac-1 or NE resulted in a significant
attenuation of nentrophil influx. Elastase activity was de-
creased in plasma of Mac-17" mice, leading us to propose
that Mac-1 engagement results in the local release of NE, 1718
which then stimulates the secretion of endothelial chemoat-
tractants®* or the generation of chemoattractant cleavage
products* that promote neutrophil recruitment. Previous
studies suggest that the role of Mac-1 in neutrophil accumu-
lation is context dependent. Mac-1 is not reguired for neun-
trophil recruitment in immune complex—induced nephrotoxic

Downloaded from -1 o

nephritis, the reverse arthus reaction (J. Hirshaski, MD, PhD,
and T.N. Mayadas, PhD, unpublished data, 2008), or
complement-induced vasculitis.?? It is required for sustaining
adhesion in a hetcrologous model of unti-GBM-induced
nephritis that is independent of NE™ and has a codominunt
role with its sister integrin lymphocyte Tunction-associated
antigen-1 in peutrophil accumulation in some other models 26
Platelets accumulated in glomerular capillary within hours of
induction of TGN, and this was Mac-1 dependent. It is
possible that reactive oxygen species gencrated by recruited
neutrophils trigger the releasc of von Willebrand factor from
endothelial cells, which leads to platelet adberence.??
Platelet immunodepletion before TGN increased hematuria
and renal injury, suggesting that platelets are cytoprotective
and prevent excessive inflammation. This is in contrast to
reporis in the field,”®** but in all of these cuses anticoagulant
therapies were initiuted after disease was induced. Consistent
with this, platelet iimmunodepletion after TGN induction ulso
reduced diseuase indices. What is the cyloprotective mechu-
nism of platelets? Platelets are well established to preserve
vessel integrity. A supportive role for plutelets is shown after
organ perfusion ' and in sprouting vesscls in wmors.®
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Figure 2. Mac-1-deficient mice are protected from developing TGN. TGN was induced in WT and Mac-1~~ mice and analyzed 96 hours
after induction of disease. A, Analysis of PAS- and PTAH-stained kidney sections and scoring of PAS+ deposits revealed a significant reduc-
tion in severity of TGN in Mac-1~"~ mice compared with WT. Bar=30 wm. B, Immunohistechemical analysis of CD34 on renal tissue of WT
untreated mice and WT and Mac-1~~ mice subjected to TGM. A reduction in glomerular CD34, but not interstitial CD34, was abserved in
WT/TGN mice comipared with untreated WT, whereas Mac-1~"/TGN mice retained glomerular CD34. Bar=50 pm. C, E-selectin in renal tis-
sue of indicated animals was measured and showed a decrease in Mac-1~~ mice compared with WT mice subjected to TGN. Hematuria (D)
and serum creatinine (sCr), BUN, and LDH levels (E) were significantly reduced in Mac-1~"~ mice subjected to TGN compared with WT. F, At
indicated times after induction of TGN, kidneys were harvested, and the number of polymorphonuclear neutrophils (PMNs) per glomerular
cross section was determined. A representative kidney section frorm WT and Magc-1~" mice 4 hours after induction of nephntis is shown.
Neutrophils (stained blue, arrow) were recruited only into the glomerulus with ro ohservable interstitial infiltration. Data represent mean+=SEM.
*P<0.05 compared with WT subjected to TGN; #P<0.05 compared with untreated WT mice. Bar=30 .

counts up to 24 hours after TGN induction (0 hour, <2.0% of animuls within 72 hours. Thus. mice were &3 uluated 48 hours

control: 24 hours, <.5.0% of control), as described previous- after disease induction. A significant increae in histological

1y.29 TGN induction in thrombocytopenic animals iccelerated purameters of glomerular injury (Figure 383 und glomerulur

remal injury, resuliing in lethality in a proportion of WT enduthelial damage (as assessed by CD34 caining) (Figure
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In sity immune complexes
and endothelial cell activation
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Neutrophil Elastase release
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Vessel hemorrhage @
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Mac-1 Gp1b

THROMBOSIS

Figure 5. Model of Mac-1-mediated inflammation induced
thrombosis in TGN. Anti-GBM antibody in combination with
lipopolysaccharide results in in situ immune complex formation
and endothelial cell activation. This triggers neutrophil recruit-
ment through Mac-1, which further promotes endothelial cell
activation. Engagement of Mac-1 resuits in NE release, which
enhances neutrophil influx. Recruited neutrophils promote plate-
let accurnulation. Platelets initially protect the vessel wall from
neutrophil-mediated sequelae {—). However, subsequent interac-
tion of Mac-1 on recruited neutrophils with GPlba (Gpib) on
platelets triggers thrombosis (+), which is responsible for vessel
occlusion and organ damage.

particles with GPlba was recently shown to promote platelet
activation in vitro®

In conclusion, we demonstrate that Mac-1 on neutrophils
represents a critical molecular link between inflammation and
coagulation leading to organ damage. The protective effect of
Mac-1 deficiency was apparent despite the strong induction
of a number of proinflammatory cytokines in renal tissue that
are known to cause activation of T and B cells, macrophages,
endothelial cells, complement, and the coagulation cascade.
A likely effector of Mac-1-mediated neutrophil recruitment
is the serine proteinase NE that was required for neutrophil
recruitment and ensuing vessel damage and whose activity
was significantly diminished in the absence of Mac-1.
Inflammation-induced hemorrhage in the context of throm-
bocytopenia was Mac-1 dependent, suggesting that platelets
support vessel wall integrity in the context of Mac-1-
mediated injury. On the other hand, the interaction of Mac-1
on recruited neutrophils with GP1ba on platelets is a major
pathway for the subsequent development of thrombosis.
These data suggest the possibility of targeting Mac-1 as a
novel therapeutic modality to preserve vascular integrity and
attenuate thrombosis in thrombotic disorders such as TGN.
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Figure S2

Con IgG (n=4) aGPlba (n=4) P-value

BUN (mg/di) 105.7 + 1.1 86.8 + 8.4 0.067
sCr (mg/dl) 0.28 + 0.01 0.24 + 0.03 0.320
LDH x 103 (1UA) 1.85 + 0.18 1.79 + 0.12 0.765

Platelet immunodepletion after TGN induction did not increase disease indices. WT mice
were intravenously injected with anti-GPlba (40 ug/mice) or control IgG (Con IgG) 24 hrs aiter
TGN induction. Biochemical markers for renal function (BUN, sCr) and general organ damage

(LDH) were comparable between the two groups. Data are the mean + SD
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Figure S1
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Complete blood count and differential. Blood samples taken from wild-type (closed circles)
and Mac-1" (open circles) mice at the indicated times after induction of TGN were analyzed for
white blood cell (WBC), RBC (Hb), neutrophil (PMN) and platelet counts.
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Figure 4. Thrombocytopenic Mac-1-deficient mice remain resistant to TGN. Mac-1 interaction with platelet GPlba promotes thrombo-
sis. A, TGN was induced in WT or Mac-1~" mice treated with IgG control {Con} or anti-GPIba {uGPIba) to immunodeplete platelets.
Serum creatinine (sCr), BUN, and LDH were significantly elevated only in thrombocytopenic WT mice after induction of TGN. Thrombo-
cytopenic Mac-1~'~ mice exhibited no increase in indices of renal failure after induction of TGN. B and C, TGN was induced in WT
mice treated with a polyclonal anti-M2 (aM2) or rabbit IgG control. B, PAS deposition (left panel) and neutrophil (PMNs) accumutation
{right panel) were evaluated in renal tissue. A significant reduction in PAS deposition but no decrease in glomerular neutrophil accumu-
lation was observed in anti-M2 versus IgG control animals. C, Indices of renal failure including serum creatinine, BUN, and LDH were
reduced in anti-M2-treated animals compared with control. Data represent mean+SEM. *P<0.05 compared with WT.

Clinically, patients with a drop in platelet counts, as in
idiopathic thrombocylopenic purpura, develop spontaneous
bleeding, whereas others with equally low platclet counts do
not, suggesting that additional factors dictate the propensity
for bleeding.®® One explanation is that thrombocytopenia
increases susceptibility to inflammation-induced hemorrhage.
A recent study showed that although thrombocytopenia alone
did not lead to hemorrhage,>* acute inflummation induced in
the skin, brain, or lung of thrombocytopenic animals resulted
in massive bleeding at the inflammatory site that was inde-
pendent of platelet adhesion receptors required for platelet
plug formation.’” Our studies indicate a potent function for
Mac-1-initiated inflammation in inducing hemorrhage in the
context of thrombocytopenia, and thus identify an iroportant
point of intersection between inflammmnation and coagulation.
Platelet-derived factors may change the quality of the vessel
wall, thus making it less vulnerable to inflammation-mediated
damage,? and/or platelet-neutrophil interactions may pro-
mote the transcellular biosynthesis of lipoxins, which are
potent stop signals for polymorphonuciear neutrophil traf-
ficking.’ This is a fruitful area for future investigation.
Thrombosis was consistently reduced in Mac-1""" mice
after induction of TGN. Mac-1 on recruited peutrophils could

Downloaded from -1

s University of Tohso on February 17

promote thrombosis through sceveral pathways by virtue of its
capacity to bind nwinerous ligands. It binds fuctor X, which
can be activated by neutrophil serine proteinases and thus
provide an alternative mechanism for thrombin generation.-”
Tt also binds platelet counterreceptors GPlbar and junctional
adhesion molecule-3 directly®>® and indirectly interacts with
fibrinogen bound to «llbB3.3° Our data indicate that Mac-1
promotes thrombosis by mediating neutrophil cngagement of
platelet GPTba. Blocking the GPIba binding site on Mac-1
with anti-M2 antibody has been shown previously fto limit
vascular injury by inhibiting neutrophil recraitment to plate-
lets deposited in the injured vessel wall.i* Here, blockade of
Mac-1/GPIba interaction inhibited events downstream of
neutrophil recruitment because this parameler was unaffected
in mice treated with anti-M2. To our knowledge, this is the
first in vivo evidence that Mac-1 interaction with platelets
directly promotes thrombosis. Mac-1 binding to GPlba on
platelets may provide a physical proximity that permits
transceHular metabolic cooperation and the efficient delivery
of prutcinases such as elastase, which activate platelets
through Timited proteslytic cleavage of «lib33.%7 In support
of this, the interaction of active Mac-1 on sieutrophil micro-
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