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FIGURE 8. IL-10 as a candidate
for Mac-1 down-regulation in liver
neutrophils. Dosage of IL-10, TNF-a,
and IL-6 levels in liver tissue (A) and
blood (B). Disproportionate amounts
of IL-10 are expressed in liver tissue,
in contrast to the lower levels in
blood. C, Flow cytometry analysis of
Mac-1 expression on neutrophils fol-
lowing LPS incubation (100 ng/ml) in
the presence and absence of IL-10 (10
ng/ml). *, Indicates statistically sig-
nificant difference compared with in-
cubation with LPS alone. p < 0.05.
D, Flow cytometry analysis of Mac-1
adhesivity. Blood samples were incu-
bated with LPS (100 ng/ml), fMLP
(0.1 uM), or IL-10 (100 ng/ml) for
4 h. Alexa Fluor 488-coupled fibrin-
ogen was added to the samples at the
end of the incubation process for
measurement of Mac-1 adhesivity. *,
Indicates statistically significant dif-
ference compared with incubation
with saline, and f, compared with
fMLP plus LPS incubation. p < 0.05.

To evaluate the role of integrins in neutrophil adhesion during
endotoxemia in a nonhepatic tissue, the brain microvasculature
was observed using spinning disk confocal microscopy under the
same conditions as those described for the liver. We observed that
systemic LPS injection induced a significant increase in adherent
neutrophils in brain venules in comparison with controls (Fig. 4,
E-G). Treatment with anti-LFA-1 mAb reduced the number of
adherent neutrophils, but no statistically significant difference was
observed in Mac-1"/" mice. However, the treatment of endotox-
emic Mac-1~'" mice with anti-LFA-1 mAb further decreased the
number of adherent neutrophils, suggesting that both integrins me-
diated neutrophil adhesion in brain during systemic LPS
inflammation.

To compare LPS and fMLP responses to a bacterial infection,
we inoculated mice i.p. with E. coli (10’ CFU; 4 h). It could be
argued that in this model both LPS and fMLP pathway might be
activated. Surprisingly, E. coli infection caused marked neutrophil
adhesion in liver sinusoids (Fig. 5A) that was inhibited with anti-
CD44 mADbD, but not with anti-Mac-1 mAb (Fig. 5, B and C). This
suggests that E. coli infection causes a profile of hepatic neutrophil
adherence more similar to that seen with LPS than with fMLP
treatment, or that the former pathway deactivated the latter.

Systemic LPS-induced liver inflammation modifies local hepatic
inflammatory response

To determine whether (3, integrins could be activated in endotox-
emic liver, we examined whether (3, integrin-dependent adhesion
with fMLP could still occur in endotoxemic mice. Interestingly,
local fMLP (2 h) did not induce any further adhesion (Fig. 64) and
could not induce crawling of neutrophils when LPS was present
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(data not shown). Anti-CD44 mAb inhibited 70% of neutrophil
adhesion during endotoxemia in liver sinusoids (Fig. 64). Adding
the fMLP-laden filter under these conditions did not induce any
additional neutrophil adhesion (Fig. 6A4) nor crawling (data not
shown), indicating that a Mac-1-dependent mechanism could not
be induced in the liver in the presence of a systemic LPS injection.

Up-regulation of Mac-1 expression on circulating neutrophils
induced by systemic LPS injection is not maintained by
neutrophils that home to the liver

To test our hypothesis that LPS dampens Mac-1-mediated adhe-
sion in liver, we tracked the expression of Mac-1, LFA-1, and
CD44 on both circulating and liver-harvested neutrophils after
LPS treatment. Systemic LPS induced a significant increase in
Mac-1 expression, but not in LFA-1 nor CD44, on circulating neu-
trophils (Fig. 6B). In sharp contrast, neutrophils harvested from the
liver of LPS-injected mice had reduced Mac-1 compared with neu-
trophils from untreated mice (Fig. 6C); however, no significant
changes were observed in LFA-1 nor in CD44 expression (Fig. 6,
B and C).

Next, we investigated whether the decreased expression of
Mac-1 in liver neutrophils after LPS administration was due to
internalization of this integrin or an inability to mobilize Mac-1 to
the membrane surface. For this, we blocked surface-expressed
Mac-1 and then permeabilized cells and stained for intracellular
integrins. We found no difference in intracellular levels of Mac-1
and LFA-1 between control and LPS-treated mice, suggesting that
the decreased expression of Mac-1 is not due to internalization, but
is instead probably due to shedding of this integrin from the neu-
trophil surface (Fig. 6D).
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For completeness, we assessed by confocal intravital micros-
copy whether the endothelial ligands for Mac-1 (ICAM-1 and
ICAM-2) were down-regulated during endotoxemia. Interestingly,
we found no differences in the expression of both adhesion mol-
ecules during endotoxemia (Fig. 7).

IL-10 as a candidate for Mac-1 suppression in liver neutrophils

Our data suggested that the low levels of Mac-1 expression are
restricted to liver neutrophils, because circulating neutrophils ex-
pressed elevated levels of Mac-1 after LPS stimulation. These
findings led us to hypothesize that a local mediator produced in
high amounts selectively in the liver may be affecting adherent and
emigrated neutrophils within the liver microenvironment, thereby
maintaining low Mac-1 expression in these cells. Data using Lu-
minex array revealed that serum levels of many proinflammatory
cytokines and chemokines (such as IL-1a, IFN-y, TNF-a, MIP-
la, RANTES, KC, and IL-6) are up-regulated during endotoxemia
(data not shown). In addition, we noted IL-10 as the one anti-
inflammatory cytokine significantly up-regulated during this pro-
cess (Fig. 8). To further assess the production of cytokines in liver
during LPS challenge, we collected liver samples. Interestingly,
we found that disproportionately high amounts of IL-10 (~650
pg/mg tissue) were constitutively expressed in liver when com-
pared with IL-6 and TNF-a (~25 pg/mg; Fig. 8A), the two highest
proinflammatory cytokines. Within the liver, high levels of IL-10
were observed over the 4 h of LPS injection. In striking contrast,
serum levels of IL-10 were much lower than IL-6 over the 4 h of
LPS injection (Fig. 8B). Clearly, whereas disproportionately high
levels of IL-10 were seen in the liver tissue, serum IL-10 levels
increased notably, but less than IL-6 and TNF-« in blood (Fig. 8B).

Because IL-10 is described as an anti-inflammatory cytokine, its
elevated expression in liver tissue led us to investigate the effect of
this cytokine on Mac-1 expression by neutrophils. Blood samples
from wild-type mice were collected and incubated in vitro with
LPS in the presence or absence of IL-10. Incubation of blood cells
with LPS (100 ng/ml) induced a significant increase in Mac-1 ex-
pression on neutrophils by 1 h, which was further increased at 4 h
after incubation. Strikingly, IL-10 directly inhibited LPS-induced
Mac-1 up-regulation by neutrophils (Fig. 8C). Interestingly, IL-10
in the absence of LPS caused a decrease in Mac-1 expression. As
a negative control, incubation of blood cells with sterile PBS for
4 h did not alter Mac-1 expression levels (data not shown).

In an additional set of experiments, we examined the adhesivity
of Mac-1 by measuring fibrinogen binding to neutrophils, a spe-
cific Mac-1 ligand. IL-10 was able to block the increased adhe-
sivity of Mac-1 induced by LPS and fMLP (Fig. 8D).

We also investigated the effect of IL-10 on purified bone mar-
row-derived neutrophils. We confirmed that IL-10 was also able to
significantly reduce LPS-induced Mac-1 up-regulation in bone
marrow-derived neutrophils. However, the magnitude of the re-
duction was much smaller (20%). Moreover, the down-regulation
of constitutively expressed Mac-1 by IL-10 was not observed (data
not shown).

Low Mac-1 expression in liver neutrophils during LPS challenge
is not observed in the absence of IL-10

To investigate the role of IL-10 in the regulation of Mac-1 expres-
sion on neutrophils in vivo, we harvested neutrophils from blood
and liver of IL-10~/~ mice treated with LPS. We observed that
after systemic LPS inflammation, blood neutrophils from IL-
107/~ mice displayed a similar phenotype to neutrophils from
wild-type mice, in that Mac-1 expression was up-regulated (Fig.
9A). However, Mac-1 levels in liver neutrophils from IL-10"""
mice were not low after LPS administration, in contrast to liver
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FIGURE 9. Down-regulation of Mac-1 in liver neutrophils during LPS
challenge is not observed in the absence of IL-10. Blood (A) and liver (B)
neutrophils from wild-type (WT) or IL-10™/~ mice were harvested for flow
cytometry analysis of Mac-1 and CD44 expression following LPS i.p. in-
jection. *, Indicates statistically significant difference compared with con-
trols (saline injected). C, Effect of Ab blockade of Mac-1 and CD44 during
LPS systemic inflammation in IL-10~/" mice. *, Indicates statistically sig-
nificant difference compared with controls (saline injected), and f, in com-
parison with vehicle (UT)-treated mice. p < 0.05.

neutrophils from wild-type mice (Fig. 9B). CD44 levels were not
significantly altered by the presence or absence of IL-10 (Fig. 9, A
and B).

Because Mac-1 levels did not decrease in neutrophils harvested
from livers in endotoxemic IL-10"/~ mice, we examined whether
the presence of Mac-1 had a physiologic function and now con-
tributed to neutrophil adhesion in liver sinusoids during endotox-
emia. Interestingly, anti-Mac-1 Ab blocked LPS-induced neutro-
phil adhesion in IL-10~/~ mice by more than 60%, indicating that
the retained expression of Mac-1 in neutrophils in IL-10~/" livers
in response to LPS injection can now contribute to neutrophil ad-
hesion within sinusoids (Fig. 9C). Although some adhesion via
CD44 was retained, the 70% inhibition seen in wild-type mice
using anti-CD44 mAbD (Fig. 6A) was of much smaller magnitude
(Fig. 9C) in IL-10~’~ mice. Anti-Mac-1 mAb could further
reduce neutrophil adhesion in anti-CD44 mAb-treated IL-10~/~
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FIGURE 10. Proposed mechanism for Mac-1 down-regulation in liver neutrophils during endotoxemia. Local liver stimulus (fMLP) displays a con-
ventional integrin-dependent neutrophil adhesion mechanism, which is abolished by LPS systemic inflammation. Kupffer cells, liver sinusoidal endothelial
cells, and other liver parenchymal cells may be large sources of IL-10, creating an environment where neutrophils would be exposed to high amounts of
this anti-inflammatory cytokine, down-regulating Mac-1 expression on the neutrophil surface, while permitting CD44 to retain neutrophils in the liver

sinusoids, where they may enhance bacterial trapping.

mice (data not shown). Addition of anti-Mac-1 and anti-CD44
Abs to wild-type mice did not reduce adhesion any more than
anti-CD44 Ab treatment alone (data not shown).

Discussion

Neutrophil accumulation in liver may be paradoxical in that these
cells play a vital role in promoting effective bacterial clearance
(31), but neutrophil infiltration in the liver can also result in serious
and progressive parenchymal damage, leading to liver failure and
severe clinical outcomes. Acute and chronic diseases of the liver
are not uncommon, and in worst case scenarios may even require
liver transplantation as a life-saving procedure (32). In this study,
it was our goal to investigate the mechanisms involved in hepatic
neutrophil accumulation during endotoxemia, compared with a lo-
cal stimulus that directly activated neutrophils. Unexpectedly, the
mechanisms were drastically different, in that an acute stimulus
like fMLP that directly activates neutrophils made use of standard
neutrophil-adhesive mechanisms, including Mac-1, an adhesion
molecule that played no role following LPS administration. In fact,
when fMLP was superimposed onto LPS-induced neutrophil re-
cruitment, Mac-1-mediated neutrophil adhesion could no longer be
observed. The underlying mechanism involved a novel inhibitory
role for IL-10 down-regulating Mac-1 on neutrophils in endotox-
emia. It has previously been reported that the liver is a tolerogenic
organ dampening T cell activation and releasing anti-inflammatory
molecules when challenged with activating stimuli (22). Decreased
levels of Mac-1 could also function as a strategic mechanism to
prevent unwarranted adhesion of neutrophils. However, when the
stimulus is sufficiently severe, CD44 and its ligand HA (expressed
primarily in the liver) recruit neutrophils to the liver.

To date, no role for integrins as contributors to neutrophil re-
cruitment into liver sinusoids has been described. In particular, no
integrins are involved in endotoxin or sepsis-related neutrophil ac-
cumulation into sinusoids (14). In this study, for the first time, we
have demonstrated in vivo that adherent neutrophils can adhere
and crawl directionally toward a chemotactic molecule within si-
nusoids using the integrin Mac-1. Up-regulation of Mac-1 expres-
sion by fMLP-stimulated neutrophils has been described in vitro
(33), and Mac-1-mediated neutrophil crawling is an important step
during efficient leukocyte extravasation in vivo in nonhepatic tis-
sues (25, 34) and in vitro across endothelial monolayers (35). The
participation of integrins in neutrophil adhesion in liver was de-
scribed, but only in postsinusoidal venules, and not the more abun-
dant sinusoids where CD44 is dominant (6). In the fMLP-induced
recruitment, the neutrophils not only crawled via Mac-1, but avidly
emigrated. By contrast, in LPS-induced inflammation, neutrophils
simply adhered and did not crawl, and only a few emigrated out of
the blood vessels. No role for Mac-1 was noted in this systemic
inflammation. It is reasonable to speculate that when LPS is de-
tected in the vasculature, the system attempts to retain neutrophils
in the vasculature, where they may trap bacteria perhaps using the
recently described neutrophil extracellular traps (31, 36). There-
fore, we propose a paradigm in which the CD44/HA pathway is
induced to allow for retention of neutrophils by adhering in sinu-
soids, whereas down-modulation of Mac-1 may serve to retain
neutrophils in the sinusoids, preventing them from emigrating out
of the vasculature.

Recent reports have highlighted CD44-HA interaction as a
dominant mechanism for neutrophil adhesion in sinusoids during
endotoxemia (5) and ischemia-reperfusion (37). Interestingly,
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anti-CD44 Ab-treated mice, and also CD44~/~ mice (data not
shown), displayed normal adhesive responses due to fMLP stim-
ulus as a result of Mac-1 engagement. By contrast, LPS-induced
systemic inflammation required CD44/HA interactions to seques-
ter neutrophils in liver sinusoids (5). We observed no change in
CD44 levels with LPS, entirely consistent with previous work (5).
The prevailing view is that the CD44 ligand HA is modified by
SHAP to change its quaternary conformation to enhance binding to
CD44 (5). Indeed, we previously reported increase in levels of
SHAP binding in sinusoids post-LPS treatment. Moreover, it has
been shown that SHAP binding to HA greatly increases cellular
adhesivity in vitro using flow chambers (38). Although the CD44/
SHAP/HA pathway is induced with LPS, a simultaneous loss of
Mac-1 adhesivity is observed through an IL-10-dependent
mechanism.

IL-10 is known to play an important role as an anti-
inflammatory molecule, by down-regulating NF-«kB-mediated in-
flammatory processes and reducing production of cytokines,
thereby inhibiting de novo synthesis of adhesion molecules (39). In
our study, we report that IL-10 can down-modulate Mac-1 expres-
sion presumably via a protein synthesis-independent mechanism,
most likely involving Mac-1 shedding, an inactivating process pre-
viously reported for other adhesion molecules (40). A recent report
has shown that during endotoxemia, monocyte subpopulations can
undergo apoptosis and, concomitantly, these cells down-regulate
CD18 expression (41). We provide evidence that IL-10 is highly
expressed in liver, and in the absence of this cytokine in IL-107/~
mice, Mac-1 expression in neutrophils is not low. Kupffer cells
located in the vasculature release large amounts of IL-10 in re-
sponse to LPS (22, 42), making them a likely candidate for this
function. In fact, in the absence of IL-10, it was most interesting to
see that LPS administration led to Mac-1-dependent neutrophil
adhesion in sinusoids. Interestingly, IL-10 levels were high con-
stitutively in liver, but fMLP was able to induce Mac-1-dependent
adhesion. This may reflect a lack of release of IL-10 from cellular
stores unless LPS is added.

The IL-10 effects were restricted to the liver as 3, integrin func-
tion was retained in the brain during endotoxemia. In contrast to
the 10- to 20-fold higher levels of IL-10 relative to molecules like
IL-6 and TNF-« in liver tissue, we found that serum levels of
IL-10 were notably less (5-fold) than IL-6 and TNF-« levels. This
50- to 100-fold difference in anti-inflammatory vs proinflammatory
levels in circulation can explain the absence of Mac-1 down-mod-
ulation in circulating neutrophils. Thus, we propose that the dis-
proportionate expression of IL-10 in the liver overcomes the proin-
flammatory effects of circulating cytokines, driving a regulatory
environment in the hepatic sinusoids. Whether there is a protein
that retains IL-10 on the sinusoidal surface, thereby increasing
local levels of IL-10 in the liver, is not known. Using a teleological
argument, it may be that down-regulation of Mac-1 in liver during
systemic infection would allow neutrophils to stop inside sinu-
soids, increasing the probability of bacterial encounter to execute
intravascular bactericidal activity. Indeed, there is a growing body
of evidence that the liver sinusoids are an important site of the
immune system to prevent bacterial dissemination (43).

In Fig. 10, we summarize our major findings and propose a
mechanism to explain the dynamics of neutrophil adhesion mole-
cules in liver during local and systemic inflammation. Collectively,
our data suggest that Mac-1 is necessary for neutrophil adhesion
and crawling during local inflammatory stimuli in liver. During
LPS-induced systemic inflammation, HA becomes adhesive for
CD44, thereby mediating neutrophil adhesion in liver. Simulta-
neously, neutrophils become exposed to high concentrations of
IL-10 in liver, which down-regulates Mac-1 in these cells, thereby
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reducing their capacity to crawl and emigrate, but perhaps increas-
ing the intravascular filtering capacity of the liver for pathogens.
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