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LDL receptor-related protein-1 (LRP1) is an endocytic and cell-
signaling receptor. In mice in which LRP1 is deleted in myeloid
cells, the response to lipopolysaccharide (LPS) was greatly exacer-
bated. LRP1 deletion in macrophages in vitro, under the control of
tamoxifen-activated Cre-ER" fusion protein, robustly increased ex-
pression of proinflammatory cytokines and chemokines. In LRP1-
expressing macrophages, proinflammatory mediator expression
was regulated by LRP1 ligands in a ligand-specific manner. The
LRP1 agonists, a,-macroglobulin and tissue-type plasminogen ac-
tivator, attenuated expression of inflammatory mediators, even in
the presence of LPS. The antagonists, receptor-associated protein
(RAP) and lactoferrin (LF), and LRP1-specific antibody had the en-
tirely opposite effect, promoting inflammatory mediator expres-
sion and mimicking LRP1 deletion. NFkB was rapidly activated in
response to RAP and LF and responsible for the initial increase in
expression of proinflammatory mediators. RAP and LF also signif-
icantly increased expression of microRNA-155 (miR-155) after a lag
phase of about 4 h. miR-155 expression reflected, at least in part,
activation of secondary cell-signaling pathways downstream of
TNFa. Although miR-155 was not involved in the initial induction of
cytokine expression in response to LRP1 antagonists, miR-155 was es-
sential for sustaining the proinflammatory response. We conclude that
LRP1, NFkB, and miR-155 function as members of a previously uniden-
tified system that has the potential to inhibit or sustain inflammation,
depending on the continuum of LRP1 ligands present in the
macrophage microenvironment.

LDL receptor-related protein-1 | tissue-type plasminogen activator |
lipopolysaccharide | NFxB | microRNA-155

Innate immunity is a phylogenetically conserved system that
provides a first line of defense against pathogens (1, 2). Pattern
recognition receptors (PRRs), including members of the Toll-
like receptor (TLR) family, play an important role in innate
immunity, binding microorganism-derived molecules, and initi-
ating proinflammatory cell signaling (1, 3, 4). The effector sys-
tems of innate immunity, including proinflammatory cytokines
and complement, may be very potent and when regulatory
mechanisms fail, shock and death may result (3). Diverse diseases
are exacerbated by dysregulated innate immunity, including Crohn’s
disease, theumatoid arthritis, asthma, psoriasis, atherosclerosis, and
cancer (3, 5, 6). Understanding mechanisms that control innate
immunity is a significant problem in medicine.

LDL receptor-related protein-1 (LRP1) is an endocytic and
cell-signaling receptor, which is essential for embryonic devel-
opment (7, 8). In adults, there is increasing evidence that LRP1
regulates inflammation (9). LRP1-deficient macrophages, isolated
from mice in which LRP1 is conditionally deleted in myeloid cells
(mLRP1~/~ mice), express increased levels of proinflammatory
chemokines, including monocyte chemotactic protein/CCL2, MIP-
1o/CCL3, and MIP-1p/CCL4 (10-12). These macrophages also
migrate more rapidly, due to activation of CCL3-CCRS signaling
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(10) and express decreased levels of biomarkers associated with
M2 polarization (13).

In syngeneic tumors in mLRP17~ mice, LRP1-deficient macro-
phages accumulate in increased number and express increased levels
of CCL3 (10). Macrophage infiltration is also increased in athero-
sclerotic lesions in mLRP17~ mice (11). However, mechanisms by
which LRP1 regulates macrophage physiology remain incompletely
understood. LRP1 deficiency is associated with increased NFxB
activity in passaged cell lines (12); however, “loss of function” model
systems do not address the role of LRP1 as a receptor for diverse
ligands (7, 14). In neurons and neuron-like cells, different LRP1
ligands elicit distinct cell-signaling responses by engaging separate
LRP1 coreceptors (15-17). If LRP1 regulates macrophage physi-
ology in a ligand-specific manner, this would represent a powerful
mechanism by which macrophages may respond to changes in
their microenvironment.

In this study, we challenged mLRP1~~ mice and control
mLRP1** mice with lipopolysaccharide (LPS), which is a major
ligand for the PRR, TLR4 (18). The response to LPS was greatly
exacerbated in mLRP1~~ mice. Using a second genetic model
system, we confirmed that LRPI gene deletion in macrophages
increases expression of proinflammatory mediators. We then
showed that expression of proinflammatory mediators is con-
trolled in macrophages by LRP1 ligands in a ligand-specific
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manner. LRP1 agonists, such as a,-macroglobulin (a;M) and
tissue-type plasminogen activator (tPA), suppressed expression
of proinflammatory mediators, even in the presence of LPS.
Antagonists, such as receptor-associated protein (RAP) and
lactoferrin (LF), increased expression of the identical media-
tors, mimicking the effects of LRPI gene deletion. The activity
of LRP1 ligands was linked to regulation of NFkB and the
previously unreported ability of LRP1 to control expression of
microRNA-155 (miR-155) (19). LRP1, NFkB, and miR-155
emerge as members of a novel system that may control the
macrophage inflammatory response in a microenvironment-
sensitive manner.

Results

The Response to LPS Is Exacerbated in mLRP1~'~ Mice. In mLRP1 ™/~
mice, LRP] is deleted in cells in which the lysozyme-M (LysM)
promoter is active, including monocytes, macrophages, neutro-
phils, and to some extent, dendritic cells (20). mLRP1"* mice
are homozygous for the floxed LRP1 gene but LysM-Cre-nega-
tive (21). Although LRP1 has been identified in neutrophils (22),
its function in these cells is not well studied. By contrast, LRP1 is
a known regulator of monocytes and macrophages (9). In the
absence of experimental immune system challenge, we did not
identify abnormal inflammation in 12-wk-old mLRP1~~ mice.
TNFa and CCL3 were nearly undetectable by ELISA in plasma
from mLRP1™~ mice. In the lungs of mLRP17~ mice, myeloid
cells were restricted mainly to interstitial spaces and unchanged in
abundance compared with mLRP1™* mice, as determined by
CD11b immunohistochemistry (IHC) (Fig. 14) and image analysis.

mLRP1™~ and mLRP1** mice were injected i.p. with LPS
(n = 10-11) or vehicle. The LPS dose was set at 50% of the
LDs to optimize our opportunity to detect increased sensitivity.
No toxicity or mortality was observed in vehicle-treated controls,
as anticipated (Fig. 1B). One mLRP1"" mouse succumbed to
LPS. By contrast, 80% of the mLRP1~~ mice succumbed within
24 h of LPS injection. The increase in mortality of LPS-treated
mLRP1~~ mice, compared with mLRP1** mice, was statisti-
cally significant as determined by log-rank test (P < 0.001).

Plasma was sampled 0, 3, 6, and 24 h after LPS injection.
TNFa protein was increased in plasma from mLRP1~/~ mice,
compared with mLRP1** mice, at 3 and 6 h (Fig. 1C). CCL3
was also increased at 3 and 6 h (Fig. 1D). Quantitative reverse
transcription-PCR (RT-qPCR) was performed to assess ex-
pression of proinflammatory genes in tissues harvested 24 h after
injecting LPS or vehicle. IL-6 and inducible nitric oxide synthase
(INOS) mRNA were significantly increased in the lungs (Fig. 1 E
and F) and kidneys (Fig. 1 G and H) of LPS-treated mLRP17/~
mice, compared with mLRP1** mice. In vehicle-treated
mLRP17~ and mLRP1** mice, IL-6 and iNOS mRNA were not
significantly different, again indicating that significant in-
flammation is not present under basal conditions in mLRP1~/~
mice.

Analysis of a Second Model of LRP1 Gene Deletion in Macrophages. In
mLRP17~ mice, LRPI is deleted during development (10, 11),
allowing for compensatory changes in the physiology of these
cells. To address this issue, we generated homozygous LRP110¥fox
mice that express tamoxifen (TAM)-activated Cre-fusion protein
(Cre-ER") (23). Bone-marrow—derived macrophages (BMDMs)
were isolated and LRP1 protein expression was studied. Fig. 24
shows that, in the absence of TAM, Cre-ER"-positive and -negative
BMDMs expressed similar levels of LRP1. After treatment with
5 pM TAM for 7 d, LRP1 protein expression was neutralized in
Cre-ER-positive cells and unchanged in Cre-ER-negative cells.
When LRPI was deleted in Cre-ER"-positive BMDMs, ex-
pression of TNFa, IL-6, IL-1p, CCL2, and CCL3 was increased
(Fig. 2 B-F). TAM did not affect cytokine expression in Cre-ER"-
negative cells. LRPI gene deletion also stimulated cell migration
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Fig. 1. LPS toxicity is increased in mice in which LRP1 is deleted in myeloid
cells. (A) IHC was performed to detect CD11b-positive myeloid cells in sec-
tions of lung from untreated mLRP1** and mLRP17~ mice. (Scale bar, 100 um.)
Image analysis did not reveal a difference in the density of CD11b-positive cells
(n = 3). (B) Kaplan-Meier survival curves are shown for mLRP1 = and mLRP1++
mice treated by i.p. injection with 1 mg/kg LPS or vehicle (Veh). Significance was
determined by log-rank test (***P < 0.001). (C and D) ELISAs were performed to
detect TNFa and CCL3 in plasma samples harvested at the indicated times from
LPS-treated mLRP1~~ (blue bar) and mLRP1** (red bar) mice (mean + SEM; n =
10; *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA with Tukey’s post hoc
analysis). (E-H) RNA was harvested from the lungs (€ and F) and kidneys (G and
H) of mLRP1*"* and mLRP17'~ mice 24 h after i.p. injection of LPS or vehicle (C).
IL-6 and iNOS mRNA were determined by RT-qPCR (n = 4).

(P < 0.001) (Fig. 2 G and H), mimicking the results obtained
with BMDMs from mLRP17~ mice (10). TAM-induced LRPI
gene deletion did not increase apoptosis, determined 8 h after
transferring cells to serum-free medium (SFM), or alter the

number of viable cells, determined by trypan blue exclusion at 24 h
(Fig. S1).

LRP1 Ligands Regulate Macrophage Physiology in a Ligand-Specific
Manner. In neurons and neuron-like cells, x;M* and tPA function
as LRP1 agonists, activating cell-signaling factors such as c-Src,
ERK1/2, and Akt (15-17). LF and RAP function as antagonists,
blocking cell signaling in response to agonists (16). We treated
BMDMs from wild-type C57BL/6J mice with RAP (150 nM),
LF (150 nM), or LPS (0.1 pg/mL) for 8 h. Fig. 3 A-C shows that
RAP and LF increased expression of TNF«, IL-6, and CCL2
mRNA, similarly to LPS. RAP and LF also increased expression
of IL-1p and CCLA4 (Fig. S2 A and B). Fig. 3D shows that RAP
increased CCL3 mRNA in a dose-dependent manner; 10 nM
RAP was sufficient to induce a significant response. RAP and
LF also increased TNFa protein levels in BMDM-conditioned
medium, similarly to LPS (Fig. 3E).

RAP and LF stimulated BMDM cell migration (Fig. 3 F and
G), mimicking the effects of LRPI gene deletion (10). Although
inflammatory mediators are known to decrease LRP1 protein
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Fig. 2. LRP1 gene deletion in macrophages in vitro induces a proin-
flammatory phenotype. BMDMs from Cre-ER™-negative (control) and Cre-ER'-
positive (Cre-ERT) LRP1F19¥floX mice were treated with 5 uM TAM (+) or
vehicle (=) for 7 d. (A) Cell extracts were subjected to immunoblot analysis to
detect the LRP1 p-chain and p-actin as a control for load. (B—F) RNA was
isolated and RT-gqPCR was performed to quantitate mRNA for (B) TNFa,
(C) IL-6, (D) IL-1, (E) CCL2, and (F) CCL3. (G) Cell migration was studied using
Transwell systems. Representative images of cells that migrated to the un-
derside surfaces of the membranes are shown. (H) Quantification of cell
migration results (mean + SEM; n = 6; **P < 0.01, ***P < 0.001; one-way
ANOVA with a Tukey’s post hoc analysis).

levels in macrophages (24, 25), LRP1 protein was unchanged in
BMDMs treated with LF or RAP for 8 h (Fig. 3H). Modest
changes in LRP1 mRNA were observed in cells treated for 8 h
with LF (44 + 6%) or RAP (52 + 5%), suggesting that longer
incubations may have decreased the LRP1 protein level.

We hypothesized that RAP and LF mimic LRPI gene deletion
by blocking LRP1 signaling initiated by agonists produced en-
dogenously by BMDMs. LRP1 ligands are numerous and diverse
(7, 9, 14). To test our hypothesis, we treated BMDMs with an
antibody that binds to the LRP1 heavy chain (anti-LRP1) and
blocks ligand binding. Fig. 3 I-K shows that anti-LRP1 induced
expression of TNFa, IL-6, and CCLA4, similarly to RAP and LF.
In control experiments, isotype-matched IgG was without effect.

Next, we studied the LRP1 agonists: a,M* (10 nM) and tPA
(12 nM). We used an enzymatically inactive tPA variant (EI-
tPA) to avoid effects unrelated to receptor-binding (26). Fig. 44
shows that, in wild-type BMDMs, EI-tPA and a,M* significantly
decreased TNFa expression. EI-tPA and oM™ also decreased
expression of IL-6, CCL2, and CCL3 (Fig. S3 A-C). Arginase-1
mRNA was increased; TGFf mRNA was not significantly
changed (Fig. S3 D and E). Because the basal level of expression
of proinflammatory cytokines in BMDMSs was low, we tested whether
a,M* and EI-tPA attenuate the response to LPS (0.1 pg/mL).
Fig. 4 B-G shows that a;M* and EI-tPA blocked the increase in
expression of TNFa, IL-1f, IL-6, CCL2, CCL3, and CCLA4 in-
duced by LPS. The activity of EI-tPA was dose dependent; the
minimum EI-tPA concentration that had a significant effect
(P < 0.05) was 0.5 nM (Fig. 4H).

Mantuano et al.

To prove that the activity of EI-tPA and a,M* requires LRP1,
we used the Cre-ERT-LRP17°¥1°% model system. Confirming the
mechanism of EI-tPA activity was considered particularly important
because tPA is an FDA-approved drug (27), known to bind to
receptors in addition to LRP1 (28). TAM-treated Cre-ER’-
positive BMDMs expressed increased levels of mRNA for TNFa
(Fig. 4I), IL-6, CCL3, and CCL4 (Fig. S3 F-H) as anticipated;
however, when LRPI was deleted, EI-tPA and a,M* failed to
attenuate cytokine expression, indicatingr an essential role for
LRPI1. Similarly, in TAM-treated Cre-ER"-LRP17°¥1™* BMDM,
RAP and LF failed to further stimulate cytokine expression (Fig.
S4), supporting the conclusion that LRP1 is the target for LF
and RAP.

NFkB Functions in the Pathway by Which LRP1 Ligands Regulate
Inflammation. When wild-type BMDMs were treated with RAP,
IxBa was phosphorylated within 5 min (Fig. 54). Total IxkBa
decreased substantially by 30 min, confirming NFxB activation.
LF also induced IxkBa phosphorylation and decreased the total
abundance of IkBa (Fig. 5B). The effects of RAP and LF on
phospho-IkBa and total IkBoa were sustained for 8 h (Fig. 5C).

To test whether NFkB is necessary in the pathway by which LF
and RAP increase cytokine expression in BMDMs, cells were
treated with the NFkB nuclear translocation inhibitor, JSH-23.
As a control, cells were treated with the PI3K inhibitor, L'Y294002.
JSH-23 blocked the increase in expression of TNFa (Fig. 5D) and
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Fig. 3. LF and RAP induce expression of proinflammatory cytokines in
BMDM:s. (A-C) BMDMs from C57BL/6) mice were treated with LPS (0.1 pg/mL),
LF (150 nM), RAP expressed as a GST fusion protein (150 nM), purified GST
(150 nM), or vehicle (C) for 8 h. RT-qPCR was performed to determine mRNA
levels for TNFa, IL-6, and CCL2. (D) CCL3 mRNA was determined in BMDMs
treated for 8 h with increasing concentrations of RAP. (E) BMDMs were
stimulated for 8 h with LPS, LF, RAP, GST, or vehicle as in A. TNFa in condi-
tioned medium was determined by ELISA. (F) BMDMs were treated with LF,
RAP, or vehicle (C). Cell migration was studied using Transwell systems.
Representative images of migrated cells are shown. (G) Quantification of
cell migration results (n = 6). (H) BMDMs were treated with LF, RAP, GST
(each at 150 nM), or vehicle (C) for 8 h. Cell extracts were subjected to
immunoblot analysis to detect the LRP1 p-chain and p-actin. (/I-K) BMDMs
were treated with LRP1-neutralizing antibody (anti-LRP1) or isotype-
matched 1gG for 8 h. mRNA levels were determined for TNFq, IL-6, and
CCL4 (mean + SEM; n > 6; *P < 0.05, **P < 0.01, ***P < 0.001; one-way
ANOVA followed by Dunnett’s multiple comparison test).
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Fig. 4. o,M* and EI-tPA inhibit expression of inflammatory mediators by
BMDMs. (A) BMDMs from C57BL/6J mice were treated for 8 h with EI-tPA
(12 nM), o;M* (10 nM), or vehicle (C). TNFoe mRNA was determined by
RT-qPCR. (B-G) BMDMs were pretreated with LPS (0.1 pg/mL) for 30 min
and then with EI-tPA (12 nM), a;M* (10 nM), or vehicle (C) for 8 h. mRNA
levels were determined for TNFa, IL-6, IL-1p, CCL2, CCL3, and CCLA4.
(H) BMDM s were pretreated with LPS and then with 0.2-24 nM EI-tPA for
8 h. TNFa mRNA was determined. EI-tPA concentrations of >0.5 nM yielded
significant results (P < 0.05). (/) BMDMs from Cre—ERT—negative (control)
and Cre-ER™-positive (Cre-ERT) LRP179¥f°X mice were treated with TAM
(+TAM) or vehicle (-TAM) for 7 d. The Cre-ER"-negative cells and Cre-ER"-
positive cells that were not treated with TAM both expressed LRP1. The
cells were then treated with EI-tPA, a;M*, or vehicle (C) for 8 h. TNFa
mRNA was determined (mean + SEM; n = 4; **P < 0.01, ***P < 0.001; one-
way ANOVA with Dunnett’s or Tukey’s post hoc analysis).

CCL3 (Fig. 5E) caused by LF and RAP. LY294002 was without
effect. Fig. S5 shows that JSH-23 also blocked expression of IL-6,
IL-1p, CCL2, and CCLA.

Next, we examined the ability of LRP1 agonists to block NFkB
activation in response to LPS. Fig. 5F shows that a,M* and EI-
tPA blocked IkBa phosphorylation and the decrease in total IkB
induced by LPS treatment for 1 h. The effects of a,M* and EI-
tPA were sustained for 8 h (Fig. 5G).

LRP1 Regulates miR-155 Expression. MicroRNAs are regulators
of inflammation in various cells, including macrophages (19,
29-31). Fig. 64 shows that LRPI gene deletion in Cre-ER'-
LRP1"¥1° BMDMs significantly increased miR-155, without
regulating miR-124, miR-9, and miR-223. In chromatin immu-
noprecipitation (ChiP) assays, association of the promoter region
of the miR-155 parent gene with RNA polymerase II was in-
creased when LRPI was deleted (Fig. 6B), suggesting tran-
scriptional activation. The miR-9 promoter was not precipitated
at significant levels from LRP1-expressing or -deficient cells.
Treatment of LRP1-expressing BMDMs with LF or RAP for
8 h significantly increased miR-155 (Fig. 6C); however, as shown
in Fig. 6D, there was a lag phase in this response. Whereas TNFa
mRNA was elevated 1 h after adding RAP, miR-155 was not
significantly increased until 4-8 h. The increase in miR-155 was
inhibited by JSH-23, indicating an essential role for NFxB.
Because of the lag phase in miR-155 expression, we examined
the effects of inhibiting miR-155 on cytokine expression, 1 and 8 h
after adding RAP. BMDMs were transfected with 10 nM mirVANA
RNA oligonucleotide miR-155 inhibitor, which decreased miR-155
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by >70%, or with control oligonucleotide. Fig. 6E shows that
inhibiting miR-155 had no effect on TNFo mRNA expression at
1 h. By contrast, TNFa expression was significantly decreased at
8 h. Similarly, miR-155 inhibition had no effect on expression
CCLA4 or IL-6 at 1 h, but substantially decreased expression of
these mRNAs at 8 h (Fig. S6). These results suggest that miR-
155 plays an important role in sustaining the proinflammatory
response to LRP1 antagonists.

We considered the possibility that miR-155 was induced as a
secondary effect, downstream of cytokines such as TNFa that
were expressed at increased levels by RAP-treated BMDMs. Fig.
6F shows that TNFo-neutralizing antibody did not affect the
rapid phosphorylation of IkB in response to RAP; however,
TNFa-neutralizing antibody substantially inhibited the increase
in miR-155 observed 8 h after adding RAP (Fig. 6G).

Finally, we examined the effects of LRP1 agonists on miR-155.
Fig. 6H shows that EI-tPA and a,M™* blocked the increase in
miR-155 induced by LPS. We conclude that LRP1 functions in a
ligand-specific manner to regulate miR-155.

Discussion

Despite extensive work and the availability of multiple mouse
model systems, the function of LRP1 in adult mammals re-
mains incompletely understood (9, 32). We have demonstrated
a role for macrophage LRP1 in regulating innate immunity
in vivo using a model system, LPS challenge, which directly
tests the response of the mouse to systemic activation of the
PRR, TLR4. When LRPI was deleted in myeloid cells, the
toxicity of LPS was exacerbated and morbidity was significantly
increased. Deletion of LRPI in vitro in BMDMs isolated from
Cre-ERT-LRP17°¥1°* mice substantially increased expression
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Fig. 5. LRP1 regulates NFxB activation. (A) BMDMs from C57BL/6J mice
were treated with 150 nM RAP for the indicated times. (B) BMDMs were
treated with vehicle (C), LPS (0.1 pg/mL), LF (150 nM), or RAP (150 nM) for
30 min. (C) The same incubations were conducted for 8 h. Immunoblot
analysis was performed to detect phospho-IkB and total IkB. (D and E)
BMDMs were pretreated with JSH-23 (10 uM), LY294002 (20 M), or vehicle
for 16 h and then with LF, RAP, or vehicle (C) for 8 h. mRNA levels were
determined for TNFa and CCL3 (mean + SEM; n = 6; **P < 0.01, ***P < 0.001;
one-way ANOVA with Tukey’s post hoc test). (F) BMDMs were treated with
EI-tPA (12 nM) or a;M* (10 nM) together with LPS (0.1 pg/mL) or with LPS or
vehicle (C) alone for 1 h. Immunoblot analysis was performed. (G) The same
experiment was performed for 8 h.
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Fig. 6. miR-155 sustains the proinflammatory activity of LRP1 antagonists.
(A) BMDMs from Cre-ER"-positive-LRP17°¥fX mice were treated with TAM
(+TAM) or vehicle (~TAM). miR-155, miR-124, miR-9, and miR-223 were de-
termined by gPCR (mean + SEM; n = 5; ***P < 0.001). (B) ChIP was performed
to detect the miR-155 parent gene promoter in association with RNA poly-
merase Il in BMDMs from Cre-ER"-positive-LRP1%19f* mice treated with TAM
(+) or vehicle (). The miR-9 promoter was analyzed as a control. (C) BMDMs
from C57BL/6J mice were treated for 8 h with LPS (0.1 pg/mL), LF (150 nM), RAP
(150 nM), GST (150 nM), or vehicle (C). miR-155 was determined (n = 5; *P <
0.05, ***P < 0.001). (D) BMDMs were treated with 150 nM RAP for the in-
dicated times. TNFa mRNA and miR-155 were determined. miR-155 also was
determined in cells treated with RAP and 10 pM JSH-23 (+JSH-23). (E) BMDMs
from C57BL/6J mice were transfected with 10 nM miR-155 inhibitor (Inh) (+) or
with miRNA inhibitor negative control (-). After 48 h, the cells were treated
with 150 nM RAP (+) or vehicle (-) for 1 h or 8 h. TNFa mRNA was determined
(n = 4, ns, not statistically significant; *P < 0.05). (F) BMDMs were pretreated
with TNFa-neutralizing antibody (+) or isotype-matched IgG (-) and then with
RAP for 0, 30, or 60 min. Immunoblot analysis was performed. (G) BMDMs
were treated with RAP (150 nM) or vehicle (C) alone or in the presence of
TNFa-neutralizing antibody (1 pg/mL) or isotype-matched 1gG for 8 h. miR-155
was determined. (H) BMDMs were treated with LPS (0.1 pg/mL) alone or to-
gether with EI-tPA (12 nM) or a;M* (10 nM) for 8 h. miR-155 was determined
(n=5; **P < 0.01, ***P < 0.001).

of multiple proinflammatory mediators. The results obtained,
using this second model of LRP1 deficiency, were consistent
with those obtained using BMDM:s isolated from mLRP1~~
mice (9-12). We conclude that LRPI deficiency in myeloid cells
in vivo and in macrophages in vitro is proinflammatory.

In LRP1-expressing macrophages, different LRP1 ligands had
opposing effects on the activity of LRP1 as a regulator of the
macrophage inflammatory response. RAP and LF induced rapid
NFxB activation, increasing expression of the same proinflam-
matory mediators that were expressed by LRP1-deficient BMDMs.
EI-tPA and a,M* had the entirely opposite effect on BMDM
physiology, suppressing NFkB activation in response to LPS
and decreasing expression of proinflammatory mediators. In
previous studies with different cell types, RAP and LF have been
shown to competitively antagonize LRP1-dependent cellular
responses triggered by ligands like a,M* or tPA (15-17, 33-35).
We hypothesized that, under basal conditions, macrophages ex-
press one or more agonistic ligands that bind to LRP1 in an
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autocrine pathway, suppressing NFkB activation. RAP and LF
would then function by inhibiting binding of these endogenously
produced agonists to LRP1. In support of this hypothesis, we
demonstrated that LRP1-specific antibody, which blocks ligand-
binding to LRP1, induces expression of inflammatory mediators
in BMDMs, similarly to LF and RAP. Because the total number
of LRP1 ligands is high (7, 9, 14), identifying LRP1 agonists that
are secreted by macrophages represents an important proteo-
mics problem for future investigation.

The antiinflammatory activity of EI-tPA and o,M* was suffi-
ciently potent to substantially inhibit and, in some cases, entirely
block cytokine expression in response to LPS. Using BMDMs
from Cre-ERT-LRP17¥1°% mice we showed that the antiin-
flammatory activity of EI-tPA and a,M* requires LRP1. We
conclude that the antiinflammatory activity of LRP1 may be
stimulated beyond the level observed in resting macrophages by
exogenously added agonists. tPA and o,M* emerge as potentially
important antiinflammatory agents. Although a,M is abundant in
plasma, apM circulates almost exclusively in a “nonactivated”
conformation, which does not bind to LRP1 (36). The circulating
level of tPA is about 0.1-0.2 nM (37), near the activity threshold
demonstrated in Fig. 4.

An important consequence of LRPI gene deletion in BMDMs
was significant and selective up-regulation of miR-155. Increased
miR-155 also was observed in RAP- and LF-treated cells. In a
previous study, Baltimore and colleagues (19) applied array
technology and identified miR-155 as the major microRNA up-
regulated in macrophages in response to diverse proinflamma-
tory stimuli. miR-155 controls inflammation in mouse models of
atherosclerosis (38) and is up-regulated in synovial fluid from
patients with rheumatoid arthritis (39). When we treated BMDMs
with RAP, TNFx mRNA was increased by 1 h, whereas miR-155
was not significantly increased until 4-8 h. TNFa-neutralizing an-
tibody significantly inhibited the increase in miR-155 observed 8 h
after adding RAP. These results suggest that miR-155 expression
may be increased, at least in part, as a secondary response down-
stream of the cytokines that are expressed at increased levels when
macrophages are treated with LRP1 antagonists.

miR-155 sustained the proinflammatory activity of LRP1 an-
tagonists. Inhibiting miR-155 failed to attenuate the significant
increase in TNFa expression observed 1 h after adding RAP. By
contrast, 8 h after adding RAP, miR-155 inhibition substantially
decreased expression of TNFa, CCL4, and IL-6. These results
suggest that proinflammatory LRP1 ligands may trigger a posi-
tive feedback loop by increasing expression of cytokines such as
TNFa, which induce expression of miR-155. In turn, miR-155
promotes expression of proinflammatory mediators such as
TNFa. This type of positive feedback loop may be important in
chronic inflammation.

JSH-23 blocked the increase in miR-155 induced by RAP in
BMDMs, consistent with previous studies demonstrating that
NF«xB activation promotes miR-155 expression (40, 41). In our
model system, NFxB inhibition may have inhibited transcription
of the miR-155 parent gene directly downstream of LRP1, or
expression of the cytokines that increase miR-155, or the cell-
signaling pathways activated by these cytokines. In any case,
LRP1, NFkB, and miR-155 emerge as members of a system that
may be modulated to either promote or inhibit macrophage in-
flammatory responses, depending on the continuum of LRP1
ligands present in the macrophage microenvironment.

The pathway by which LRP1 ligands regulate NFxB remains to
be completely elucidated. Although we previously demonstrated
that TNF receptor-1 (TNFR1) is increased in LRP1-deficient
fibroblasts (12, 42), TNFR1 regulation does not provide a
straightforward explanation for the activity of LRP1 ligands.
LRP1 demonstrates other important activities in macrophages
that may be critical in tissue injury and the inflammatory re-
sponse, including its function in phagocytosis of large particles (12),
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efferocytosis (15, 43), and in regulating transforming growth factor-p
(44). LRP1 also is involved in antigen presentation in support of
adaptive immunity (45, 46). Understanding the integrated activity of
macrophage LRP1 in the regulation of injury and inflammation
remains an important future goal.

Materials and Methods

Proteins and Reagents. a,M was purified from plasma (47) and activated for
binding to LRP1 (x;M*) by reaction with 200 mM methylamine-HCl. «,M
modification was confirmed by nondenaturing PAGE (36). EI-tPA was from
Molecular Innovations.

Mouse Model Systems. LRP179¥f°X mice were bred with mice that express Cre
recombinase under the control of the lysozyme-M promoter (LysM-Cre), in
the C57BL/6J background, to generate mLRP1~/~ mice. Littermate controls
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extraction and RT-PCR, gene expression analysis, Transwell cell migration
assays, ChIP assays, miRNA inhibitor studies, and statistical methods, please
see S| Materials and Methods.
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