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Tissue damage negatively regulates LPS-induced
macrophage necroptosis

Z Li"%3, MJ Scott', EK Fan?, Y Li'?, J Liu®, G Xiao®®, S Li’, TR Billiar", MA Wilson'2, Y Jiang*® and J Fan*'*?

Infection is a common clinical complication following tissue damage resulting from surgery and severe trauma. Studies have
suggested that cell pre-activation by antecedent trauma/tissue damage profoundly impacts the response of innate immune cells to
a secondary infectious stimulus. Cell necroptosis, a form of regulated inflammatory cell death, is one of the mechanisms that
control cell release of inflammatory mediators from important innate immune executive cells such as macrophages (Md), which
critically regulate the progress of inflammation. In this study, we investigated the mechanism and role of trauma/tissue damage in
the regulation of LPS-induced M¢ necroptosis using a mouse model simulating long-bone fracture. We demonstrate that LPS
acting through Toll-like receptor (TLR) 4 promotes M¢ necroptosis. However, necroptosis is ameliorated by high-mobility group
box 1 (HMGB1) release from damaged tissue. We show that HIGB1 acting through cell surface receptor for advanced glycation
end products (RAGE) upregulates caveolin-1 expression, which in turn induces caveolae-mediated TLR4 internalization and
desensitization to decrease M¢ necroptosis. We further show that RAGE-MyD88 activation of Cdc42 and subsequent activation of
transcription factor Sp1 serves as a mechanism underlying caveolin-1 transcriptional upregulation. These results reveal a previous
unidentified protective role of damage-associated molecular pattern (DAMP) molecules in restricting inflammation in response to
exogenous pathogen-associated molecular pattern molecules.
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Infection is a common complication following tissue damage
resulting from surgery and severe trauma.’ Infection triggers
the innate immune system to release large amounts of pro-
inflammatory mediators that can have deadly consequences,
including systemic inflammatory response syndrome and
organ failure. Studies have suggested that cell pre-activation
caused by antecedent trauma/tissue damage profoundly
impacts the response of the innate immune cells to a
secondary infectious stimulus, often in a form of enhanced
inflammation.? Macrophages (M), important innate immune
executive cells, release pro-inflammatory mediators including
cytokines and endogenous danger molecules, and critically
regulate the progress of inflammation. Cell necroptosis, a form
of regulated inflammatory cell death, is one mechanism that
controls cell release of inflammatory mediators.® M necrop-
tosis features RIPK1 activation and necrosome formation,
followed by a loss of plasma membrane integrity and the
release of cell contents into the extracellular space, which
causes increased inflammation.* It has been reported that
lipopolysaccharide (LPS) acting through Toll-like receptor
(TLR) 4 signaling induces M¢ necroptosis.® However, the

effect of antecedent trauma on the LPS-induced M¢ necrop-
tosis has yet to be addressed.

High mobility group box 1 (HMGBH1), a highly conserved
ubiquitous protein present in the nucleus and cytoplasm of
nearly all cell types, is the prototypic damage-associated
molecular pattern (DAMP)® released by damaged tissues.”
During tissue injury, HMGB1 is released from cells and serves
as a necessary and sufficient mediator of inflammation to
induce a variety of cellular responses including cell chemo-
taxis and the release of pro-inflammatory cytokines.®®
Inflammatory functions of HMGB1 are mediated by binding
to cell surface receptors, including the receptor for advanced
glycation end products (RAGE), Toll-like receptor (TLR)2,
TLR4, and TLR9.

RAGE is a type | transmembrane protein and a member of
the immunoglobulin superfamily expressed in many cell
populations including endothelial cells, vascular smooth
muscle cells, neurons, neutrophils, and macrophages/
monocytes.10 RAGE has been implicated as a receptor
mediating the chemotaxis and cytokine activity of HMGB1 in
both M$ and tumor cells."' RAGE engagement by multiple
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Figure 1  Tissue damage suppresses LPS-induced monocytes/Md necroptosis. WT mice were subjected to one of the following six groups: (1) Sham for 12 h followed by PBS
(vehicle) 0.2 mli.p. (Sham+PBS); (2) Sham for 12 h followed by LPS 2 mg/kg BW in 0.2 ml of PBS i.p. for 6 h (Sham+LPS); (3) Pseudo-fracture (PF) for 12 h followed by PBS 0.2 ml
i.p. (PF+PBS); and (4) PF for 12 h followed by LPS 2 mg/kg BW i.p. in 0.2 ml of PBS for 6 h (PF+LPS); (5) 0.15 ml bone-crush mixture (BCM) i.p. for 12 h followed by PBS 0.2 ml i.p.
(BCM+PBS); and (6) 0.15 ml BCM i.p. for 12 h followed by LPS 2 mg/kg BW i.p. in 0.2 ml of PBS for 6 h (BCM+LPS). (a and b) Peritoneal M¢ (PMd) (a) and monocytes (b) were
gated by F4/80 and double stained with PE-Annexin V and 7-AAD and analyzed by flow cytometer to calculate the cell death rate. (¢ and d) Peritoneal Md» (PM¢) (¢) and monocytes
(d) were double stained with CD43 and Ly6C and analyzed by flow cytometer. (e) Confocal microscopy shows colocalization of RIPK1 (green) and RIPK3 (red) in PM¢, indicating
necrosome formation. (f) BMDM were pretreated with or without 40 xl/ml of BCM for 12 h and then LPS (1 ng/ml) for 0-24 h. The cells were double stained with PE-Annexin V and
7-AAD and analyzed by flow cytometer to calculate the cell death rate. (g) BMDM were treated with 40 pl/ml of BCM for 12 h and then with or without LPS (1 g/ml) for 6 h. In some
groups, necrostain-1 (Nec-1's) (30 uM), Ferrostatin-1 (Fer-1) (20 xM), or z-VAD-FMK (25 M) was added into the BMDM. The cells were double stained with PE-Annexin V and
7-AAD and analyzed by flow cytometer to calculate the cell death rate. (h and i) WT BMDM were treated with BCM (40 wl/ml) for 12 h, followed by 1 pl/ml LPS for 6 h. RIPK1-RIPK3
binding in the BMDM was detected using co-immunoprecipitation and immunoblotting (h) and confocal microscopy (i). (j and k) Western blots show RIPK1 phosphorylation (j) and
MLKL phosphorylation (k) in BMDM in response to the treatments of BCM for 12 h and/or LPS (1 zg/ml) for 6 h. All results are representative of three independent experiments. The
graphs show the mean and S.E.M., n=3. *P<0.05 compares between the indicated groups. **P<0.01 compares between the indicated groups. NS: no significant difference
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Figure 1 Continued

ligands is linked to a range of signaling pathways including
activation of NF-kB,'? PI3K/Akt,"® mitogen activated protein
kinases (MAPKSs),'* Jak/STAT,'® Rho GTPases,'® and Cell
division control protein 42 homolog, also known as Cdc42,"”
although how RAGE transduces these signals is not yet fully
understood.

TLR4 internalization has been reported as one of the
mechanisms regulating a cells responses to TLR4
signaling.'®'® Mechanisms of TLR4 internalization can
include association with endocytosis proteins such as clathrin,
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dynamin, and caveolin-1.2%2" Caveolin-1 is a transmembrane-
scaffolding protein, and the major structural component of
caveolae that contribute to many cell functions including
endocytosis, potocytosis, transcytosis, as well as calcium
signaling.?! Caveolin-1-mediated internalization of multiple
cell surface receptors is also known to critically regulate
receptor signaling.2?

In this study, we investigated the mechanisms and role of
trauma/tissue damage in the regulation of LPS-induced M¢
necroptosis using a validated mouse model that simulates
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long-bone fracture (pseudo-fracture; PF).2%2* We demon-
strate that LPS acting through TLR4 promotes M¢ necropto-
sis, as expected. However, release of HMGB1 from damaged
tissue signals via RAGE signaling to upregulate caveolin-1
expression and so induces M¢ surface TLR4 internalization,
which results in amelioration of LPS-TLR4-induced Mo
necroptosis. We also identify a mechanism for upregulation
of caveolin-1 expression via RAGE-MyD88 signaling to
activate Cdc42, which leads to nuclear translocation of
transcription factor Sp1 and subsequent change in caveolin-
1 expression. These results reveal a previously unexplored
negative regulatory effect of tissue damage on M¢ response to
a secondary LPS stimulation.

Results

Tissue damage suppresses LPS-induced monocytes/M¢
necroptosis. To determine M¢ death response to post-
trauma infection, wild-type (WT) mice were first subjected to
PF, a validated model of long-bone fracture.?*2* This model
recapitulates both of the early and late immune responses
seen after soft-tissue trauma with bone fracture, but as there
is no fracture the mice can be assessed over longer time
periods and do not have to be kept anesthetized for the entire
study period. In the PF model 0.15 ml of bone-crush mixture
(BCM) prepared from donor mouse femurs and tibias in
sterile phosphate-buffer solution (PBS) is injected into the

thighs of recipient mice that also receive a soft-tissue crush
injury.2® At 12 h after PF, LPS was administered (2 mg/kg BW,
i.p.), and peritoneal M$ (PM®) and peripheral monocytes
were collected at 6 h after LPS for assessment of cell death,
as defined by flow cytometry double-positive staining with
7-AAD and Annexin V. As shown in Figures 1a and b,
although PF did not significantly alter M¢d/monocyte death,
antecedent PF markedly attenuated LPS-induced Mg/
monocytes death.

To define the subtypes of the Md/monocytes, the cells were
also stained with Ly6C and CD43, the representative markers
for M1 and M2 type of Md/monocytes, respectively. As shown
in Figures 1c and d, LPS and BCM did not cause a subtype
transfer in the Md/monocytes in the experimental settings.

To further confirm that necroptosis was occurring in the M¢/
monocytes, cells were double stained with the RIPK1 and
RIPK3.2¢ Colocalization of RIPK1 and RIPK3 was visualized
by confocal microscopy and represents the RIPK1 and RIPK3
association to form the necrosome.2” Figure 1e shows that
LPS induced necrosome formation, and prior PF decreased
necrosome formation in PMdo.

To determine whether mediators in BCM contribute to the
negative effect of PF on LPS-induced Md/monocyte necrop-
tosis, BCM (6 mi’/kg BW) was directly injected into mouse
peritoneum followed at 12h by i.p. LPS (2 mgkg BW).
Necroptosis of PM¢ and peripheral monocytes were
assessed by flow cytometry at 6 h as described above.
As shown in Figures 1a and b, BCM significantly decreased

Cell Death and Differentiation
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Figure 1 Continued

PMd/monocytes necroptosis in response to LPS. BCM did As shown in Figure 1f, macrophage necroptosis had

not cause PMd/monocytes subtype transferring as well
(Figures 1c and d). Figure 1e shows that BCM pretreatment
similarly diminished LPS-induced necrosome formation in
PMd. These results suggest that mediators within BCM are
responsible for the PF suppression of M¢ necroptosis in
response to LPS.

The in vivo study was also recapitulated in vitro. Bone
marrow-derived macrophage (BMDM) were treated with BCM
(40 pl/ml) for 12 h, followed by withdrawal of BCM, addition of
LPS (1 ul/ml) and continuous incubation for an additional 48 h.

Cell Death and Differentiation

increased by 48 h after BCM withdrawal.

To further confirm the type of the M death induced by LPS,
BMDM were pretreated with necroptosis inhibitor necrostatin-
152 (Nec-1s) (30 uM), ferroptosis inhibitor ferrostatin-1
(Fer-1) (20uM), or pan-caspase inhibitorz-VAD-FMK?®
(25 uM) for 10 min before incubation with BCM (40 ul/ml) for
12h and subsequent LPS stimulation (1 ug/ml) for an
additional 6 h. As shown in Figure 1g, Nec-1s prevented
LPS-induced cell death, and BCM failed to further decrease
the LPS-induced cell death in Nec-1 s pretreated groups; in
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contrast, Fer-1 and z-VAD-FMK did not significantly decrease
LPS-induced cell death. Furthermore, immunoblotting and
confocal microscopy show that LPS-induced association of
RIPK1 and RIPKS (Figures 1h and i) and phosphorylation of
RIPK13%31 (Figure 1j) and MLKL (Figure 1k) in BMDM were
also attenuated with BCM treatment.

Collectively, these results suggest that the portion of M¢
death induced by LPS and suppressed by damaged tissue is
mainly necroptosis, and BCM is responsible for the negative
effect of PF on LPS-induced M¢ necroptosis.

BCM decreases cell surface expression of TLR4. TLR4 is
the cell surface receptor for LPS.323% To address whether
BCM suppresses LPS-induced M¢ necroptosis by altering
TLR4 expression, we measured M¢ surface expression of
TLR4. Although incubation of BMDM with BCM (40 ul/ml) for
0-24 h did not alter total TLR4 protein expression in the
BMDM (Figure 2a), BCM promoted TLR4 translocation from
cell surface into cytoplasm by 12h after BCM treatment
(Figure 2b). Flow cytometry also showed that BCM
decreased TLR4 cell surface expression on BMDM by
~64% at 12h as compared with the group treated with no
BCM (time =0; Figure 2c). These results indicate that BCM
decreases M¢ surface TLR4 expression by inducing TLR4
internalization.

To define a time-course change in BCM-induced TLR4
internalization, BMDM were treated with BCM for 12 h followed
by withdrawing of BCM and continuous incubation for
additional 48 h. Flow cytometry (Figure 2d) and confocal
microscopy (Figure 2e) show that TLR4 surface expression
started to restore during the time between 12 h and 24 h after
BCM withdrawing.

HMGB1-RAGE signaling mediates BCM-suppressed M¢
necroptosis in response to LPS. HMGB1 has been
reported as a major DAMP released during trauma®* and
presents at a high concentration in bone marrow.*® To
address whether HMGB1 mediates tissue damage-
suppression of M¢ necroptosis in response to LPS, we
prepared HMGB1-deficient BCM from femurs and tibias
harvested from inducible HMGB1-knockout mice®®
(Figure 3a), and used the HMGB1-deficient BCM to treat
BMDM. We found that HMGB1-deficient BCM failed to reduce
LPS-induced BMDM necroptosis (Figure 3b), RIPK1
phosphorylation (Figure 3c), and RIPK1-RIPK3 binding
(Figure 3d), as well as failed to induce TLR4 internali-
zation and decrease cell surface expression of TLR4
(Figures 3e and f).

To further confirm the role of HMGB1 in suppressing M
necroptosis in response to LPS, BMDM were pretreated with
recombinant HMGB1 for 12 h followed by LPS stimulation for

Cell Death and Differentiation
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Figure2 BCM decreases cell surface expression of TLR4. (a) Western blot showing the total TLR4 expression in BMDM whole-cell lysate, which was challenged with 40 I/
ml BCM for 0-24 h. (b) Immunofluorescence images showing the TLR4 localization and fluorescence distribution in BMDM, which were stimulated with BCM (40 yl/ml) for 3 and
12 h, respectively. (c) Flow cytometry showing the cell surface TLR4 expression on BMDM, which were stimulated with BCM (40 pl/ml) for 0-12 h and stained with PE-tagged
anti-TLR4 antibody. (d and €) BMDM were stimulated with BCM (40 p/ml) for 12 h followed by withdrawing BCM and continuous incubation in normal medium for 0-48 h. The cell
surface TLR4 was then stained with PE-tagged anti-TLR4 antibody and detected by flow cytometry (d) and visualized by confocal microscopy using fluorescent-tagged TLR4
antibody (e). All results are representative of three independent experiments. The graph shows the mean and S.E.M., n=3. *P<0.05 and **P<0.01 versus the control

an additional 6 h. As shown in Figure 3b, HMIGB1 decreased
LPS-induced BMDM necroptosis by ~50%. These data
indicate that HMGB1 is a major component in BCM-mediating
tissue damage-suppressed necroptosis induced by LPS.
RAGE is one of the known receptors for HMGB1.%” Using
BMDM isolated from RAGE ™'~ mice, we found that the effects
of BCM on TLR4 internalization and LPS-induced M¢

Cell Death and Differentiation

necroptosis completely disappeared in the RAGE™'~ BMDM
compared with WT BMDM (Figures 3g—j). These results
indicate that HMGB1-RAGE signaling is required for the
BCM-negative regulation of LPS-induced M¢ necroptosis.

Caveolin-1 mediates RAGE-TLR4 interaction. Caveolin-1
has an important role in caveolae-mediated receptor
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Figure 2 Continued

internalization and desensitization, which includes regulating
TLR4 signaling.®® To determine the role of caveolin-1 in
RAGE signaling-induced TLR4 internalization, we first
measured caveolin-1 expression in BMDM treated with
BCM for up to 24 h. We found that in WT BMDM, BCM
treatment increased caveolin-1 mRNA expression by 6 h and
was increased by ninefold at 24 h. However, BCM failed to
upregulate caveolin-1 mRNA expression in RAGE~'~ BMDM
(Figure 4a). Consistent with the changes in mRNA, BCM
increased caveolin-1 protein expression in WT BMDM, but
not in RAGE~/~ BMDM (Figure 4b). In addition, the HMGB1-
deficient BCM failed to induce the caveolin-1 mRNA and
protein expression in WT BMDM by 12 h (Figures 4c and e),
and stimulation of WT BMDM with recombinant HMGB1 for
12h increased caveolin-1 mRNA and protein expression
(Figures 4c and d). Next, we treated cells with filipin (20 uM,
add 20 min before treatment), a caveolin-1 inhibitor, to test
the role of caveolin-1 in inducing TLR4 internalization. As
shown in Figure 4f, filipin prevented BCM-induced TLR4
internalization. Furthermore, confocal microscopy demon-
strated a colocalization of caveolin-1 and TLR4 near the
plasma membrane in WT BMDM, but not in RAGE~/~
BMDM, starting at 8 h after BCM treatment (Figure 4g). This
BCM-induced colocalization of caveolin-1 and TLR4 in WT
BMDM was blocked by filipin as well (Figure 4h).

The in vitro findings were also observed in vivo. PF or direct
peritoneal injection of BCM resulted in the binding of caveolin-
1 and TLR4 (Figure 4i) and decrease in cell surface TLR4
expression (Figure 4j) in PM¢ at 12 h after the treatment.

Taken together, these data suggest an important role of
caveolin-1 in mediating RAGE signaling-induced TLR4
internalization.

RAGE-MyD88 signaling mediates translocation of Sp1 to
upregulate caveolin-1 expression. Previous studies have
reported that transcription factor Sp1 regulates caveolin-1
gene expression.®® We thus hypothesized that RAGE
signaling acting through Sp1 upregulates caveolin-1 expres-
sion, which then promotes caveolae-mediated TLR4
internalization.

To test this hypothesis, we first determined the role of Sp1in
upregulation of caveolin-1. Pretreatment of WT BMDM with
mithramycin A, a specific Sp1 inhibitor,***' prevented
BCM-induced expression of caveolin-1 mRNA and protein
(Figures 5a and b), as well as BCM reduced M¢ surface
expression of TLR4, a reflection of TLR4 internaliza-
tion (Figure 5c).

Next, we addressed whether BCM is able to induce nuclear
translocation of Sp1. By immunofluorescently staining Sp1,
we observed nuclear translocation of Sp1 in WT BMDM
starting at 6 h after the BCM treatment (Figure 5d). However,
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Figure 3 HMGB1-RAGE signal mediates BCM-suppressed Md¢ necroptosis in response to LPS. (a) Western blot showing the HMGB1 expression in WT and HMGB1-lacking
BCM. (b) WT BMDM were pretreated with 0.3 zg/ml HMGB1 or 40 zl/ml HMGB1-lacking BCM or 40 pl/ml WT BCM for 12 h, followed by challenge of LPS (1 ng/ml) or PBS for 6 h.
Cells were double stained with PE-Annexin V and 7-AAD. Cell death rates were analyzed by flow cytometry. (¢) Western blot showing RIPK1 phosphorylation in BMDM in response to
the treatments of HMGB1-deficient BCM for 12 h and/or LPS (1 ug/ml) for 6 h. (d) Immunofluorescence images showing the colocalization of RIPK1 and RIPK3, which refers to
necrosomes formation in the BMDM pretreated with or without 40 yl/ml of HMGB1-lacking BCM for 12 h followed by challenge of LPS (1 xg/ml) for 6 h. (e) Immunofluorescence with
confocal microscopy showing the distribution of TLR4 in BMDM, which were stimulated with WT or HMGB1-lacking BCM for 12 h. (f) Flow cytometry showing the cell surface TLR4
expression on BMDM, which were stimulated with 40 l/ml WT or HMGB1-lacking BCM for 12 h and stained with PE-tagged anti-TLR4 antibody. (g) Western blot showing TLR4
expression in RAGE™/~ BMDM, which were challenged with 40 yl/ml BCM for 0-12 h. (h) Immunofluorescence images showing the TLR4 localization and distribution in RAGE™/~
BMDM, which were stimulated of BCM for 3 or 12 h and stained with PE-tagged anti-TLR4 antibody. (i) Flow cytometry showing the cell surface TLR4 expression on RAGE ™'~
BMDM, which were stimulated with 40 pl/ml BCM for 0-12 h and stained with PE-tagged anti-TLR4 antibody. (j) RAG E~/~ BMDM were pretreated with 40 gl/ml BCM for 12 h and
then were cultured with PBS (BCM+PBS) or 1 ig/ml LPS (BCM+LPS) for additional 6 h. The cells death rates were analyzed by flow cytometry. All results are representative of three
independent experiments. The graphs show the mean and S.E.M., n=3. **P<0.01 compares between the indicated groups. NS: no significant difference

BCM failed to induce the Sp1 nuclear translocation in Furthermore, to identify the intracellular signaling that
RAGE~/~ BMDM (Figure 5d). Similarly, HMGB1-deficient induces Sp1 activation, we screened proteins that associate
BCM, prepared as above from HMGB1 conditional KO mice, with RAGE in BMDM after BCM stimulation. Using immuno-
also failed to induce Sp1 nuclear translocation in WT BMDM precipitation and immunoblotting, we found that RAGE
(Figure 5d). coprecipitated with MyD88 starting at 6 h after BCM treatment
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(Figure 5e). We further confirmed the role of MyD88 in
upregulation of caveolin-1 using MyD88~'~ BMDM. MyD88-
deficiency prevented BCM-induced expression of caveolin-1
mRNA (Figure 5f) and protein (Figure 5g), and this role for
MyD88 seemed to be independent of TLR4 signaling, as
TLR4-deficiency (TLR4~/~ BMDM) had no effect on BCM-
induced caveolin-1 protein expression measured by western
blot (Figure 5g), or visualized by confocal microscopy
(Figure 5h). In addition, in MyD88~/~ BMDM, BCM failed to
induce Sp1 nuclear translocation (Figure 5i) and TLR4
internalization (Figure 5j).

Finally, we investigated the role of cdc42 as a down-
stream signaling partner in the MyD88 signaling pathway
by using cdc42-specific inhibitor ML141.2 BMDM were
pretreated with ML141 (35uM) for 20 min followed by
adding BCM and incubation for additional 12h. ML141
significantly decreased the BCM-induced caveolin-1 mRNA
expression (Figure 5k) and Sp1 nuclear translocation
(Figure 5lI).

Tissue damage alters LPS-induced necroptosis
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Taken together, these findings support the hypothesis that
HMGB1-RAGE-MyD88 signaling through the activation of Sp1
and upregulation of caveolin-1 induces caveolae-mediated
TLR4 internalization in M.

Tissue damage suppresses LPS-induced inflammation.
To address whether BCM-induced TLR4 internalization
alleviates LPS-prompted inflammation, we subjected WT
mice to PF for 12 h followed by LPS i.p., and at 6 h after LPS,
measured IL-6 and TNFa levels in the mouse peritoneal
lavage fluid and serum. As shown in Figure 6a, LPS caused
markedly higher levels of IL-6 and TNFa in both lavage fluid
and serum, as expected. However, antecedent PF signifi-
cantly decreased subsequent LPS-induced secretion of IL-6
and TNFa (Figure 6a).

To determine the role of cell necroptosis in enhancing
inflammatory cytokines release, we injected WT mice with
Nec-1 s (30 mmol/kg BW, i.p.) combined with LPS or saline for
6h. As shown in Figure 6a, inhibition of necroptosis
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Figure 3 Continued

significantly decreased LPS-induced release of IL-6 and TNFa
in peritoneal lavage fluid and serum.

Activation of MAPK, which includes p38 and ERK1/2, is also
an important response to LPS,*® and subsequently induces
phosphorylation and activation of numerous transcription
factors that promote inflammatory mediators synthesis and
release.** We observed that LPS-activated p38 and ERK1/2
phosphorylation in BMDM peaked at 0.5 h after LPS stimula-
tion (Figure 6b). Pretreatment of BMDM with BCM for 12 h
diminished the LPS-induced phosphorylation of p38 and
ERK1/2 (Figure 6c). In RAGE~'~ BMDM, BCM pretreatment
failed to decrease LPS-induced phosphorylation of p38 and
ERK1/2 (Figure 6d), or decrease IL-6 and TNFa concentra-
tions in cell culture medium (Figure 6€e), as compared with WT
BMDM. Furthermore, pretreatment of WT BMDM with
HMGB1-deficient BCM for 12 h was not able to suppress
LPS-induced phosphorylation of p38 and ERK1/2 (Figure 6f)
and to decrease the levels of IL-6 and TNFa in the cell culture

Cell Death and Differentiation

medium (Figure 6g). These results further demonstrated the
negative regulatory effect of BCM/RAGE signaling on M¢
response to LPS.

Discussion

Tissue damage resulting from major surgery and severe
trauma frequently combines with infection or renders the
patients more susceptible to infection. The interaction
between tissue damage and infection is believed an important
determinant regulating the progress of the host’s inflammatory
response. Our previous studies and those of others have
shown that trauma-induced release of DAMPs serves as a
priming factor, which often enhances inflammatory responses
to infection and bacterial products.45‘5° Those results, there-
fore, suggested that blocking DAMP-signaling may attenuate
inflammatory responses to a secondary infection. In the
current study, however, we demonstrate a novel finding that
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Figure 4 Caveolin-1 mediates RAGE-TLR4 interaction. (a and b) WT or RAGE™/~ BMDM were stimulated by 40 ul/ml of BCM for 0-24 h, and caveolin-1 mRNA (a) and
protein (b) in the BMDM were measured by Q-RT-PCR and western blot. (¢) WT BMDM were pretreated with 0.3 zg/ml recombinant HMGB1 or 40 yl/ml WT BCM or 40 gl/ml
HMGB1-deficient BCM for 12 h, followed by challenge of LPS (1 n.g/ml) or PBS for 6 h. The caveolin-1 mRNA in the BMDM was measured by QRT-PCR. (d and e) Western blot
showing the caveolin-1 expression after the treatment with 40 l/ml HMGB1-lacking BCM (d) or 0.3 xg/ml recombinant HMGB1 (e) for 12 h. (f) BMDM were pretreated with or
without 20 uM of filipin, a caveolea inhibitor, followed by treatment of 40 pl/ml BCM for 12 h. The cell surface expression of TLR4 was analyzed by flow cytometry. (g)
Immunofluorescence images showing the colocalization of Caveolin-1 (green) and TLR4 (red) in WT and RAGE™'~ BMDM after BCM treatment (40 yl/ml) for 012 h. (h)
Confocal microscopy showing the Caveolin-1 (green) and TLR4 (red) colocalization after treatment of BCM (40 l/ml) in the presence or absence of 20 M of filipin. (i) Peritoneal
Md¢ (PMd), which were collected from the mice subjected to sham, pseudo-fracture, or BCM injection (0.15 ml, i.p.) at 12 h after the treatments, were double stained with
caveolin-1 (green) and TLR4 (red), and the colocalization of caveolin-1 and TLR4 was detected by confocal microscopy. (j) Peritoneal M (PMd), which were collected from the
mice subjected to sham, pseudo-fracture, or BCM injection (0.15 ml, i.p.) at 12 h after the treatments, were subjected to flow cytometry analysis for cell surface TLR4 using PE-
tagged TLR4 antibody. The macrophages were defined by F4/80 positive. All results are representative of three independent experiments. The graphs show the mean and S.EM.,
n=3. **P<0.01 compares between the indicated groups

tissue damage suppresses subsequent LPS-induced M¢ Part of the mechanism for upregulation of caveolin-1 is

necroptosis through DAMP signaling, thereby exhibits a
negative regulatory effect on the inflammatory response to a
secondary LPS stimulation. We show, as others have, that
LPS acting through TLR4 promotes M necroptosis. However
in the setting of trauma, release of HMGB1 by damaged tissue
upregulates caveolin-1 expression in M¢$ via HMGB1/RAGE
signaling, which in turn induces caveolae-mediated TLR4
internalization to reduce LPS-TLR4-induced M¢ necroptosis.

through RAGE-MyD88 signaling and downstream activation
of Cdc42, leading to nuclear translocation of transcription
factor Sp1 and alteration of caveolin-1 expression (Figure 7). It
seems clear that transcriptional upregulation of caveolin-1 is
important in inducing TLR4 internalization; although posttran-
scriptional modification of caveolin-1, that is, tyr14 phosphor-
ylation may also needed.®' Data from this study therefore
suggest that DAMP molecules, in a defined period following
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Figure 4 Continued

tissue damage, are not just pro-inflammatory but can also
negatively regulate host inflammatory responses to LPS, as
shown by our in vivo findings. This suggests that targeting
DAMP molecules as a therapeutic strategy for post-trauma
inflammation may need to take timing or potential treatments
into consideration to avoid bad outcomes.

PF is a reproducible murine model of sterile musculoskeletal
trauma that allows for evaluation of post-traumatic immune
responses.?* The challenges in experimental murine trauma
modeling include technical difficulties in fracture fixation in
mice and reproducibility. The PF model overcomes these
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difficulties by immunologically mimicking an extremity fracture
environment, whereas allowing freedom of movement in the
animals and long-term survival without continual, prolonged
use of anesthesia. The intent is to recreate the features of a
long-bone fracture; injured muscle and soft tissue are exposed
to damaged bone and bone marrow without breaking the
native bone. The PF model consists of two parts: a muscle-
crush injury to the hind limbs, followed by injection of a bone
solution into these injured muscles.?* In the current study, we
used the PF model to elucidate the influence of tissue damage
on LPS-induced M¢ necroptosis, and revealed that HMGB1
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Figure 5 RAGE-MyD88 signaling-activated Sp1 upregulates caveolin-1 expression. (a-c) BMDM were pretreated with or without 30 M of Mithramycin A, a Sp1-specific
inhibitor, followed by treatment of 40 xl/ml of BCM for 12 h. The caveolin-1 mRNA (a) and protein (b) expression as well as the cell surface TLR4 expression (c¢) were measured by
QRT-PCR, western blot, and flow cytometry, respectively. (d) Immunofiuorescence images showing the nuclear translocation of transcriptional factor Sp1 in WT and RAGE ™/~
BMDM following the treatment of WT or HMGB1-lacking BCM (40 yl/ml) for 0-12 h. (e) WT BMDM were treated with BCM (40 yl/ml) for 0-12 h. The BMDM were then recovered
for the detection of RAGE-MyD88 binding using immunoprecipitation and immunoblotting. (f) WT and MyD88~'~ BMDM were treatment with BCM (40 wl/ml) for 12 h. The
caveolin-1 mRNA level in the BMDM was measured by QRT-PCR. (g) TLR4™'~ or MyD88‘/‘ BMDM were stimulated by BCM (40 l/ml) for 0-24 h, and the caveolin-1 protein
expression in the BMDM was detected by western blot. (h) The images showing the Caveolin-1 (green) and TLR4 (red) localization in TLR4~/~ BMDM and MyD88~/~ BMDM
treated with BCM (40 pl/ml) for 6 and 12 h. (i) MyD88~/~ BMDM were stimulated by BCM (40 xl/ml) for 6 and 12 h, and the Sp1 (green) localization was visualized by confocal
microscopy. (j) MyD88~/~ BMDM were treated with BCM (40 zl/ml) for 0-12 h, and the cell surface expression of TLR4 was detected by flow cytometry. (k and I) WT BMDM were
treated with BCM (40 wl/ml) for 12 h in the presence or absence of 35 M of ML141, an inhibitor of Cdc42. The caveolin-1 mRNA (k) and Sp1 nuclear translocation (I) were
measured by Q-RT-PCR and confocal immunofluorescence microscopy, respectively. All results are representative of three independent experiments. The graphs show the mean

and S.EM., n=3. **P<0.01 versus the control or compares between the indicated groups
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within the BCM acts through RAGE signaling and is a major
component mediating tissue damage-suppressed M¢ necrop-
tosis in response to LPS.

Necroptosis is a regulated form of inflammatory cell death.
Previous studies showed that necroptosis can be triggered by
members of the pattern recognition receptor family, which
including Toll-like receptors, NOD-like receptors, and retinoic
acid-inducible gene I-like receptors.>*2-5* LPS-induced cell
necroptosis contributes to inflammation cascade.® In this
study, we defined that macrophage necroptosis is a major form
of cell death in response to LPS. We showed that necroptosis
inhibitor Nec-1 s effectively prevented LPS-induced macrophage
death; whereas, ferroptosis inhibitor Fer-1 and pan-caspase
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inhibitor z-VAD-FMK, which suppresses apoptosis and
pyroptosis, failed to reduce LPS-induced macrophage death.
We further showed that M¢ surface expression of TLR4
is a determinant for LPS-induced necroptosis, and TLR4
internalization, and subsequent desensitization of cells to
LPS, results in attenuation of M¢ necroptosis. Our in vivo and
in vitro studies also show that associated with decreased M¢
necroptosis, Mg-originated inflammation, including cytokines
IL-6 and TNFa expression and secretion, is ameliorated as
well (Figure 6), suggesting that reduced TLR4 surface levels
secondary to remote tissue damage desensitize macrophage
cytokine responses to LPS. Of note, the negative regulating
effect of tissue damage also has a temporal component,
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appearing at 12—48h after injury when HMGB1/RAGE
signaling leads to TLR4 internalization. At later time points
recovery of cell surface expression of TLR4 might theoretically
weaken this tissue damage-mediated effect on inflammatory
responses to LPS/infection. Importantly, our data suggest
that the DAMPs not only facilitate inflammation in disease
processes without overt infection,®® but can also negatively
regulate M¢ responses to pathogen-associated molecular
patterns (PAMPs), such as LPS.

In the context of tissue injury and inflammation, RAGE
and TLRs have critical roles in recognizing and interacting
with DAMP and PAMP molecules.®®%” Receptor cross-talk
between RAGE and TLR4 has not been studied previously. In
the current study, we demonstrated that tissue-damage
release of DAMPs act through RAGE signaling and caveolin-
1-dependent pathway to induce M¢ surface TLR4 internaliza-
tion, suggesting that RAGE and TLR4 may reciprocally
regulate the function of the other in response to both trauma
and infection.

In summary, our study demonstrates a novel role for
tissue damage release of DAMP molecule HMGB1 to
suppress LPS-induced M¢ necroptosis and inflammation.

Sp1 Hoechst

This finding suggests a previously unidentified protective
role of DAMPs in restricting inflammation in response to
exogenous PAMPs.

Materials and Methods

Animal strains. C57BL/6 WT mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). RAGE knockout (RAGE™'~) mice, TLR4
knockout (TLR4~'~) mice, myeloid differentiation primary response gene 88
knockout (MyD88~/~) mice, and inducible HMGB1-knockout (HMGB1-deficient)
mice, all on a C57BL/6 background, were obtained from Dr. Billiar's laboratory at the
University of Pittsburgh. All animal experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Committees of University of
Pittsburgh and VA Pittsburgh Healthcare System.

Mouse PF model. Femurs and tibias from a euthanized donor mouse were
crushed using a sterile mortar and 0.5 g of the bone crush was homogenized in
2 ml sterile PBS to become the BCM. The recipient mouse was anesthetized with
ketamine (50 mg/kg BW) and xylazine (5 mg/kg BW) and the thighs were squeezed
with a hemostat for 30 s to induce a soft-tissue lesion, followed by injection of
0.15 ml of the BCM in the tissue lesion area.2* Sham animals underwent the same
anesthesia procedure and injection of 0.15 ml of normal saline at the thighs. In
some animals, at 12 h after the injection of BCM or saline, were intraperitoneally
administered LPS (2 mg/kg BW in 0.2 ml of PBS).
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BMDM isolation and culture. Bone marrow was flushed out with pre-chilled
Dulbecco's Modified Eagle Medium (DMEM) from femurs and tibias, which were
harvested from WT and the above-mentioned gene knockout mice following the
previously described method.®*%° In brief, cell pellets were collected by
centrifugation at 4 °C, and erythrocytes were lysed with RBC lysis buffer

Peritoneal
Lavage - IL6 (pg/ml)

Cell Death and Differentiation

(eBioscience, San Diego, CA, USA). The resultant cells were then washed two times
with PBS and suspended in BMDM culture medium (DMEM containing 10% fetal
bovine serum complemented with 50 ug/ml penicillin/streptomycin and 10 ng/ml
recombinant macrophage-colony stimulating factor (M-
Louis, MO, USA)) at a concentration of 10° cells/ml and seeded into 6-cm ultra-low
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aftachment surface plates (Corning Costar, Corning, NY, USA). The BMDM culture
medium was changed on day 3 and day 5. BMDM were fully differentiated and
ready for use at day 7.

Cell staining. BMDM were seeded in the glass bottom petri dish (P35G-0-10-C,
MatTek Corporation, Ashland, MA, USA) and fixed with 4% paraformaldehyde for
15 min at room temperature. After washing with PBS, the cells were permeabilized
with 0.01% Triton X-100 in PBS for 15 min at room temperature, followed by
blocking with 5% bovine serum albumin in PBS for 1 h at room temperature. The
cells were then incubated with a primary antibody at 4 °C overnight, followed by
incubation with fluorescence-conjugated secondary antibody for 1h at room
temperature. Cell nucleus was stained with Hoechst 33258 (Sigma-Aldrich). The
BMDM were then measured by confocal microscopy (Olympus, Fluoview-FV1000,
Olympus America Co., Center Valley, PA, USA).

Western blot. BMDM lysates were separated by 8 and 12% SDS-PAGE, and
then were transferred onto PVDF membranes. After blocking for 1 h at room
temperature with blocking buffer (LI-COR Biosciences, Lincoln, NE, USA), blots
were incubated with the primary antibody at 4 °C overnight, followed by incubation

RAGE {4
MyD88 g
Cdc42

M

S
A
Caveolin-1/\ RIP1

Necroptosis

Figure 7 Model of the mechanism underlying tissue-damage regulation of
LPS-induced M¢ necroptosis. LPS acting through TLR4 promotes M¢ necroptosis.
However, damaged tissue through HMGB1/RAGE signaling upregulates caveolin-1
expression in Md, which, in turn, induces caveolae-mediated TLR4 internalization
and desensitization, thereby, ameliorates LPS-TLR4-induced Md necroptosis.
RAGE-MyD88 signal activation of Cdc42 and the consequent nuclear translocation
of Sp1 serve the mechanism of upregulation of caveolin-1

<
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with the appropriate secondary antibodies (LI-COR Biosciences) for 1 h. Protein
bands were detected using the Odyssey System from LI-COR Biosciences.

RNA extraction and quantitative real-time PCR. Total RNA was
isolated from BMDM using TRIzol RNA Isolation Reagents (Life Technologies,
Pittsburgh, PA, USA) by following the instructions. Real-ime RT-PCR was done
using the SsoAdvanced Universal SYBR Green Supermix (172-5271, Bio-Rad,
Hercules, CA, USA) in a Bio-Rad iQ5 real-time PCR machine (Bio-Rad). The
following gene-specific primers were used for amplifying genes: Caveolin-1 forward,
5'-GCAGAACCAGAAGGGAC-3', and reverse, 5'-TAGACAACAAGCGGTAAAA-3';
and GAPDH forward, 5'-AACCTGCCAAGTATGATGA-3' and reverse, 5'-GGAGTT
GCTGTTGAAGTC-3'. Reverse transcription was done using iScript Reverse
Transcription Supermix (170-8840, Bio-Rad) following the manufacturer’s instruc-
tions. Amplification was performed with cycling conditions of 95 °C for 15 s then
60 °C for 30 s for 40 cycles. After amplification protocol was over, PCR product was
subjected to melt-curve analysis using Bio-Rad iQ5 software (Bio-Rad). Fold
change was calculated using the AA threshold cycle method® and the value for
the GAPDH gene, which was normalized to untreated groups.

Reagents. Primary antibodies for cell staining were: RIPK1 antibody (610458, BD
Biosciences, San Jose, CA, USA), RIPK3 antibody (sc-135170, Santa Cruz Biotechnology,
Dallas, TX, USA), TLR4 antibody (sc-30002, Santa Cruz Biotechnology), Alexa Fluor
488-conjugated-Caveolin-1 antibody (NB100-615AF488, Novus Biologicals, Littleton,
CO, USA), and Sp1 antibody (sc-59, Santa Cruz Biotechnology). Secondary
antibodies including Alexa Fluor 488-conjugated anti-mouse IgG, Cy3-conjugated
anti-rabbit IgG, and Alexa Fluor 488-conjugated anti- rabbit IgG were provided by
the Center for Biologic Imaging, University of Pittsburgh Medicine Center.

Primary antibodies used for western blotting include TLR4 antibody (sc-30002,
Santa Cruz Biotechnology), anti-RIPK1 antibody (610458, BD Biosciences), anti-
RIPK3 (2283, ProSci, Fort Collins, CO, USA), anti-MLKL phosphor S345 (ab196436,
abcam, Cambridge, MA, USA), Caveolin-1 antibody (sc-894, Santa Cruz
Biotechnology), Phospho-p38 MAPK (Thr180/Tyr182) (3D7) XP Rabbit mAb
(#9215, Cell Signaling Technology, Danvers, MA, USA), p38 MAPK(D13E1)
XP Rabbit mAb (#8690, Cell Signaling Technology), Phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) (D12.14.4E) XP Rabbit mAb (#4370, Cell Signaling
Technology), p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb (#4695, Cell Signaling
Technology), GAPDH (D16H11) XP Rabbit mAb (#5174 Cell Signaling Technology),
MyD88 antibody (sc-8197, Santa Cruz Biotechnology), RAGE (ab37647, abcam),
and HMGB1 antibody (ab18256, abcam).

Annexin V detection Kit was from BD Biosciences. Anti-Mouse CD284 (TLR4) PE
(12-9041-80) for detecting cell surface TLR4, anti-Mouse F4/80 Antigen FITC (11-
4801-81), anti-Mouse CD43 PE (12-0431-81), anti-Mouse Ly6C PE-Cyanine7
(25-5932-80), mouse IL-6 ELISA kit (88-7064-86), and mouse TNF alpha ELISA kit
(88-7324-86) were purchased from eBioscience. Dynabeads Protein G Immunopre-
cipitation Kit (10007D) and Pierce Co-Immunoprecipitation Kit (26149) for
immunoprecipitation was from Thermo Fisher Scientific (Pittsburgh, PA, USA).
Necroptosis inhibitor Nec-1 s (2263-1) was purchased from BioVision (Milpitas, CA,
USA). Pan-caspase inhibitor z-VAD-FMK (V116-2MG) and ferroptosis inhibitor Fer-1
(SML0583-5MG) was from Sigma-Aldrich. Sp1 inhibitor Mithramycin A (11434) was
obtained from Cayman Chemical (Ann Arbor, MI, USA). Cdc42 inhibitor ML141
(sc-362768) was from Santa Cruz Biotechnology. Recombinant HMGB1 (1690-
HMB-050) was from R&D Systems (Minneapolis, MN, USA).

Figure 6 Tissue damage suppresses LPS-induced inflammation. (a) WT mice were subjected to one of the following six groups: (1) Sham for 12 h followed by PBS (vehicle,
0.2 mli.p.) (Sham+PBS); (2) Sham for 12 h followed by LPS (2 mg/kg BW in 0.2 ml of PBS i.p.) for 6 h (Sham+LPS); (3) Pseudo-fracture (PF) for 12 h followed by PBS (0.2 ml
i.p.) (PF+PBS); (4) PF for 12 h followed by LPS (2 mg/kg BW i.p. in 0.2 ml of PBS for 6 h) (PF+LPS); (5) Nec-1 s (30 mmol/kg BW i.p. in 0.2 ml of PBS) for 6 h (Nec-1 s); and (6)
Nec-1's (30 mmolkg BW i.p.) and LPS (2 mg/kg BW i.p. in 0.2 ml of PBS) for 6 h (Nec-1 s+LPS). The peritoneal lavage fluid and serum were then collected for measurement of
IL-6 and TNF-« by ELISA. (b) WT BMDM were treated with LPS (1 ug/ml) for 0-12 h, and the phosphorylation of P38 and ERK1/2 MAPK were then detected by western blot.
(c) WT BMDM were pretreated with BCM (40 yl/ml) for 012 h, and then were washed for three times followed by treatment with LPS (1 xg/ml) 0.5 h. Phosphorylation of P38 and
ERK1/2 MAPK were detected by western blot. (d) WT or RAGE~'~ BMDM were pretreated with BCM (40 ul/ml) for 12 h, and then were washed for three times followed by the
treatment with LPS (1 zg/ml) for 0.5 h. Phosphorylation of P38 and ERK1/2 MAPK were detected by western blot. (e) WTand RAGE ™'~ BMDM were pretreated with BCM (40 I/
ml) for 12 h, and then were washed for three times followed by the treatment with LPS (1 xg/ml) for 6 h. IL-6 and TNF-& concentration in the supernatant were then measured by
ELISA. (f) WT BMDM were pretreated with WT or HMGB1-lacking BCM (40 l/ml) for 12 h, and then were washed for three times followed by the treatment with LPS (1 z.g/ml) for
0.5 h. Phosphorylation of P38 and ERK1/2 MAPK were then detected western blot. (g) WT BMDM were pretreated with WT or HMGB1-lacking BCM (40 w/ml) for 12 h, and then
were washed for three times followed by the treatment with LPS (1 g/ml) for 6 h. IL-6 and TNF-« in the supernatant were measured by ELISA. All results are representative of
three independent experiments. The graphs show the mean and S.E.M., n=3. *P<0.05 and **P<0.01 compares between the indicated groups
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Data presentation and statistical analysis. The data are presented as
mean + S.E.M. of the indicated number of experiments. SPSS 19.0 was used for
statistical analysis. Significances between groups were determined by using one-
way ANOVA or two-tailed Student's +test. P<0.05 was considered as statistically
significant.
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