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Abstract

We investigated whether Notch signaling plays a role in regulating macrophage responses to
inflammation. In a wound healing assay, macrophage recruitment was decreased in Notch1*/~
mice, and the wounds were characterized by decreased TNF-a expression. As wound healing
progressed, Notch1*/~ wounds had increased vascularization and collagen deposition compared
with wild-type wounds. In mice with myeloid-specific Notchl deletion, wounds had decreased
macrophage recruitment as well as decreased TNF-a expression, indicating the specific role of
Notchl in the inflammatory response in these cells. In vitro, we found that vascular endothelial
growth factor receptor-1 (VEGFR-1) was upregulated in macrophages in response to LPS/IFN-y
and that this upregulation depended on Notch signaling. Furthermore, macrophages from
Notch1*/~ mice had decreased expression of VEGFR-1 compared with macrophages from wild-
type mice, whereas VEGFR-1 expression in Notch4~/~ macrophages was normal. Inhibition of
Notch signaling decreased induction of the inflammatory cytokines IL-6, IL-12, CXCL10, MCP-1,
monokine induced by IFN-y, and TNF-a in macrophages in response to LPS/IFN-y. Additionally,
macrophages from Notch1*/~ mice demonstrated decreased induction of IL-6, IL-12, and TNF-a
in response to stimulation compared with wild-type mice. Thus, both pharmacological inhibition
of Notch and genetic analysis demonstrate that Notchl regulates VEGFR-1 and cytokine
expression in macrophages. We have also established that Notch1 is important for the
inflammatory response during wound healing in mice.

Notch receptors are highly conserved transmembrane proteins that are required for normal
embryonic development. In addition to a role during development, Notch signaling plays an
important role in angiogenesis and vascular homeostasis in both physiological and
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pathological settings (1).In mammals, there are four Notch proteins (Notch1-4) that act as
receptors for five ligands (Delta-like 1, 3, and 4 and Jagged1 and 2). Upon ligand binding,
Notch protein is subject to a series of proteolytic cleavages by the A disintegrin and
metalloproteinase family of metalloproteases and presenillin/y-secretase. Cleavage releases
the intracellular domain of Notch, which translocates to the nucleus and functions as a
transcriptional activator in complex with the transcription factor CSL, Mastermind, and
histone acetyltransferaces. In endothelial cells, Notch is downstream of vascular endothelial
growth factor (VEGF), and signaling of the Notch receptor through Delta-like 4 regulates
the expression of VEGF receptor-1 and -2 (VEGFR-1 and -2) to restrict endothelial cell
function and sprouting angiogenesis (2-4). In addition to endothelial cells, VEGFR-1 is
expressed on monocytes and macrophages and plays a role in their recruitment and function
at areas of angiogenesis and inflammation (5-7). Whether Notch regulates expression of
VEGFR-1 in macrophages in a similar manner as in endothelial cells has yet to be
elucidated. Moreover, although Notch has been implicated in regulating endothelial cell
responses to inflammatory cytokines (8, 9), a role for Notch in the inflammatory response in
other cell types has not been fully defined.

There has been increasing interest in the role of Notch signaling in the monocyte/
macrophage lineage with respect to myeloid differentiation and inflammation (10, 11).
Studies using macrophage cell lines and primary monocytes have demonstrated expression
of Notch1-4 as well as the Notch ligands Jaggedl, Jagged2, and Deltalike 4 in these cells
(10, 12-14). Macrophages have diverse functions in inflammation, tissue remodeling, and
angiogenesis. To describe the plasticity of these cells, a simplified paradigm of the
polarization of macrophages toward either an M1 “classically activated” or an M2
“alternatively activated” phenotype is useful (15). M1 macrophages are activated in
response to IFN-y, LPS, and TNF-a and produce large amounts of inflammatory cytokines
and reactive oxygen intermediates. As such, they exhibit cytotoxic activity that includes
clearing infection and mediating resistance against tumors. Notch signaling is upregulated in
macrophages in response to LPS and IFN-vy, and it may regulate genes involved in
inflammation and Ag presentation (13, 16, 17). In contrast to the M1 phenotype, M2
macrophages are induced in response to IL-4, IL-10, and IL-13, express high levels of
scavenger receptors, and promote cell growth via arginine metabolism. M2 macrophages
have an immunoregulatory function and promote tissue repair and remodeling. Whether
Notch signaling is activated in response to M2 cytokines has not been established.

We hypothesized that Notch signaling may affect macrophage function and expression of
inflammatory cytokines in the setting of wound healing, where the inflammatory and trophic
functions of macrophages are intimately related. In a wound healing assay, we found
delayed recruitment of macrophages and decreased TNF-a expression in wounds in
Notch1*/~ mice compared with wild-type mice. Interestingly, Notch1*/~ wounds also had
increased collagen deposition and angiogenesis compared with wild-type wounds. In mice
with myeloid-specific Notchl deletion, wounds were characterized by decreased
macrophage recruitment and TNF-a expression, indicating a specific role of Notchl in these
cells during the inflammatory response. In light of this, we isolated bone marrow-derived
macrophages (BMM) from mice and characterized Notch signaling in the context of
stimulation. We found that VEGFR-1 and the inflammatory cytokines IL-6, IL-12, CXCL10
(IP-10), MCP-1, monokine induced by IFN-y (MIG), and TNF-a were downstream of Notch
in response to stimulation with LPS/ IFN-y. Furthermore, macrophages from Notch1*/~ mice
exhibited decreased VEGFR-1 expression and a diminished ability to induce VEGFR-1 and
inflammatory cytokines in response to stimulation. Taken together, our data suggest a role
for Notch signaling in recruitment and function of macrophages at sites of inflammation via
regulation of VEGFR-1 and inflammatory cytokines.
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Materials and Methods

Reagents

Mice

The y-secretase inhibitor compound E was obtained from the Korean Research Institute of
Chemical Technology and was used in vitro at a concentration of 400 nM, with DMSO as a
control. Macrophages were stimulated with 100 ng/ml LPS (Calbiochem, San Diego, CA),
100 U/ml recombinant murine IFN-y (PeproTech, Rocky Hill, NJ), or 5 ng/ml recombinant
murine IL-4 (R&D Systems, Minneapolis, MN).

Notch1 and Notch4 mutant mice have been described (18, 19). Mice with a conditional
allele of Notch1 (Notch1flox/flox) (20) and the myeloid-specific Cre recombinase driver line
(LysMCre) (21) were obtained from The Jackson Laboratory (Bar Harbor, ME). Transgenic
Notch reporter mice, harboring an enhanced GFP sequence under the control of four tandem
copies of the CBF1 binding site consensus sequence (22), were also obtained from The
Jackson Laboratory. We maintained all mice in the C57BL/6 background. All procedures
were carried out according to approved protocols and guidelines established by the
Columbia University Institutional Animal Care and Use Committee.

BMM culture and lentiviral infections

Macrophages were differentiated from hematopoietic stem cells from mouse femurs as
described (23) and were cultured in RPMI 1640 supplemented with 10% FBS and 20%
conditioned medium from L929 cells (Sigma-Aldrich, St. Louis, MO) on petri dishes.
Intracellular domain of Notch1 (N1I1C) or GFP constructs were cloned into the lentiviral
vector pCCL (provided by Stefano Rivella, Memorial Sloan-Kettering). Lentivirus was
produced in transfected 293T cells and used to transduce macrophages as described (24).
Conditioned Jag1Fc medium was produced by CHO cells transduced with Jagged1ECDFc
or Fc control plasmids. Serum-free medium from confluent plates was collected after 48 h of
incubation and used to treat BMM.

Determination of inducible NO synthase activity and arginase expression

BMM culture supernatants from overnight stimulation were aliquoted to a 96-well plate and
incubated with Griess reagent as previously described (25). NO production was assessed
using a Bio-Rad (Hercules, CA) microplate reader at 550 nm. To determine arginase
expression, whole-cell lysates from BMM were harvested using TENT lysis buffer, and
lysates were run with SDS-PAGE according to standard protocols. Membranes were probed
for arginase Il (H-64; Santa Cruz Biotechnology, Santa Cruz, CA) or alpha-tubulin (Sigma-
Aldrich).

Reverse transcription and quantitative RT-PCR

BMM were stimulated overnight and RNA was isolated using RNeasy Mini kit (Qiagen,
Valencia, CA). Reverse transcription of RNA was performed using SuperScript 1
(Invitrogen, Carlsbad, CA). Quantitative PCR was performed using primers for mouse
ribosomal protein PO, arginase, inducible NO synthase (iNOS), Notchl, Jaggedl, VEGFR-1,
and Hey1 (primer sequences available upon request) using SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) and the 7300 Real-Time PCR System (Applied
Biosystems). All reactions were performed in triplicate and normalized to expression of PO.

Flow cytometry of peripheral blood and BMM

BMM were harvested from petri dishes after overnight stimulation using cold PBS. Whole
blood was harvested from mice via cardiac puncture or retroorbital bleeding. Packed blood
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was washed with HBSS, and RBCs were lysed using BD FACS lysing solution (BD
Biosciences, San Jose, CA) prior to staining. Peripheral blood leukocytes or BMM were
incubated for 30 min with Fc Block (anti-mouse CD16/CD32; BD Biosciences), followed by
anti-FItl Ab (C-17; Santa Cruz Biotechnology) or FITC-conjugated anti-CD11b Ab (BD
Biosciences). After washing, cells were incubated with allophycocyanin-conjugated anti-
rabbit secondary Ab (Jackson ImmunoResearch Laboratories, West Grove, PA). For
detection of GFP in Notch reporter cells, peripheral blood leukocytes were fixed with 2%
paraformaldehyde and then permeabilized with 0.12% Triton X-100 in PBS. Cells were
stained with FITC-conjugated anti-GFP Ab (BD Biosciences). Flow cytometry was
performed using FACSCalibur and Cell-Quest Pro acquisition software (BD Biosciences) or
FlowJo v7.5 flow cytometry analysis software.

Analysis of cytokine secretion

BMM culture supernatants were harvested after overnight stimulation. Cytokine
concentration in supernatants was assessed using a mouse 20-plex cytokine detection panel
(Invitrogen) according to the manufacturer’s protocol. Briefly, samples were incubated with
Ab-coated capture beads, washed, and then incubated with detector Ab. Samples were
analyzed using the Luminex (Austin, TX) 100 IS system. All reactions were performed in
duplicate for each sample.

Wound-healing assay

Mice were anesthetized with isoflurane for the duration of the procedure. Hair was shaved
from the dorsum of the mice, and skin was prepared with iodine solution. Full-thickness
excisional wounds of 2.25 cm? were created using a template on the dorsal skin of Notchl
mutant mice or control littermates. Wounds were dressed with benzoin (Henry Schein,
Melville, NY) and Tegaderm (3M Health Care, St. Paul, MN), and mice were kept in
individual cages for the duration of the assay. To harvest wound tissue, mice were sacrificed
on postinjury day 5, 7, or 14. The excisional wounds, together with a peripheral rim of
normal skin and the deep muscle layer, were excised, divided along the longitudinal axis,
and fixed in 4% paraformaldehyde for further histological study. Wound healing assays
were conducted using 18 Notchl mutant mice and 8 control littermates.

Immunohistochemistry

Tissue was fixed in 4% paraformaldehyde overnight at 4°C and then embedded in paraffin.
Five-micrometer serial sections were deparaffinized with xylene, and heat-mediated Ag
retrieval was performed using Dako (Glostrup, Denmark) target retrieval solution. Tissue
was stained with H&E according to standard protocols or was stained with anti-F4/80 Ab
(Abcam, Cambridge, MA), anti-TNF-a (Abcam), or anti-CD31 (BD Biosciences) and
appropriate secondary Abs (Vector Laboratories, Burlingame, CA). Following incubation
with an ABC Elite kit (Vector Labroatories), slides were developed with a diaminobenzidine
substrate kit (\Vector Laboratories) and counterstained with hematoxylin. For immuno-
fluorescent costaining, slides were incubated with anti-rat Alexa Fluor 488 or anti-rabbit
Alexa Fluor 594 (Invitrogen). Slides were analyzed using a Nikon Eclipse E800 microscope
and a Nikon DXM 1200 camera, with ImagePro Plus software. Quantification of
immunohistochemical staining was performed ImagePro Plus software. Images of five
randomly selected %20 fields of wound tissue from each mouse were used for quantification
of staining, and staining intensity was averaged for each genotype.
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Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was performed by a two-tailed
Student t test. A p value <0.05 (indicated with an asterisk) was considered significant. All
data are representative of at least three independent experiments.

Results

Decreased macrophage recruitment and decreased TNF-a expression in wounds in
Notch1*~ mice

Wound healing is a setting in which macrophages play a wide-ranging and important role.
The process of wound healing is divided into three overlapping phases: inflammation,
proliferation, and remodeling. The role of macrophages is particularly pronounced during
the inflammatory and proliferative phases (26). Previous studies have shown that Notchl
signaling is upregulated in macrophages in response to inflammatory stimuli and may
regulate genes involved in inflammation (13). We hypothesized that macrophage function
during wound healing may be compromised in mice mutant for Notchl. To test this, dorsal
excisional wounds were created in Notch1*/~ mice or wild-type littermates, and wound
tissue was harvested to assess leukocytic infiltrate, collagen deposition, and
neovascularization. Homozygous mutation of Notchl results in embryonic lethality (18, 19),
but Notch1 heterozygous mice survive without gross developmental defects. Additionally,
we did not detect changes in the number of myeloid cells in the spleen and peripheral blood
of Notchl heterozygous mice compared with wild-type mice (data not shown). However, we
have seen an ~75% decrease in Notch1 transcript levels in BMM of Notch1*/~ mice,
suggesting a positive feedback mechanism for Notchl expression (data not shown). We
observed decreased leukocyte recruitment to wounds in Notch1*/~ mice at postinjury day 5,
and staining for the macrophage marker F4/80 revealed a >30% decrease in macrophage
density in Notch1*/~ wounds compared with wild-type wounds (Fig. 1). The decrease in
macrophage recruitment was not due to changes in VEGF expression, as similar levels of
VEGF expression were detected in Notch1*/~ and wild-type wounds by
immunohistochemistry (data not shown). Because macrophages are an important source of
the proinflammatory cytokine TNF-a during the inflammatory phase of wound healing (27),
we determined whether TNF-a expression was altered in Notch1*/~ wounds. We found that
staining for TNF-a was decreased, or that TNF-a—expressing macrophages were decreased
in number, in day 5 wounds from Notch1*/~ mice compared with wild-type littermates (Fig.
2A-C). We wanted to determine whether the decrease in TNF-c, we observed in Notch1*/~
wounds was due to decreased expression in macrophages. We found colocalization of TNF-
a with F4/80 in both wild-type and Notch1*/~ wounds (Fig. 2D, 2E). However, the number
of TNF-a—expressing macrophages was decreased in wounds in Notch1*/~ mice relative to
wild-type littermates (Fig. 2D, 2E). Additionally, we detected decreased TNF-a staining in
macrophages in Notch1*/~ wounds relative to macrophages in wild-type wounds (Fig. 2F,
2G). Thus, decreased TNF-a expression in Notch1*/~ wounds is due to decreased TNF-a
expression in Notchl-deficient macrophages.

Increased vascularity and collagen deposition in wounds in Notch1*/~ mice

On postinjury day 7, macrophage recruitment to wounds in Notch1*/~ mice was still less
than that in wild-type littermates, although the magnitude of the difference in macrophage
density between mutant and wild-type was not as large as seen at day 5 (Fig. 3A, 3B). By
day 7, collagen deposition, as assessed by trichrome staining, was denser in Notch1*/~
wounds compared with wild-type wounds (Fig. 3C, 3D). Granulation tissue formation was
robust in Notch1*/~ wounds, and these tissues had less shearing during wound harvest
compared with wild-type wounds (data not shown). At day 14, Notch1*/~ wound tissue
continued to be more organized than in wild-type littermates, with robust granulation tissue
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and less shearing during wound harvest compared with wild-type littermates. Notch1*/~
wounds also displayed many more large, RBC-filled neovessels in wound tissue compared
with wild-type wounds, as assessed by CD31 staining (Fig. 3E-H). The robust vascularity in
Notch1*/~ wounds was observed as early as day 5 (data not shown). Altered angiogenesis in
Notch1*/~ wound tissue may be due to decreased Notch signaling in endothelial cells, which
has been previously reported to lead to increased vascular proliferation (2, 4, 28, 29).
However, decreased inflammation in wounds due to decreased leukocyte infiltration or
decreased expression of proinflammatory cytokines such as TNF-a can also affect
angiogenesis and collagen deposition (27, 30).

Decreased macrophage recruitment and decreased TNF-a expression in wounds of mice
with myeloid-specific Notchl deletion

Because of the possibility that Notch may function in many cell types that effect wound
healing, we obtained mice expressing a conditional allele of Notch1 (Notch1flox/flox) (20)
and crossed them with mice expressing Cre recombinase under the control of the myeloid-
specific lysozyme M promoter (LysMCre) (21) to induce myeloid-specific Notchl deletion.
LysMCre; Notch1foX/flox mice are viable, survive to adulthood, and have no gross
developmental defects or deficiency in offspring viability compared with wild-type
littermates. We performed a wounding assay with LysMCre; Notch1flox/flox mice and control
littermates that express the conditional allele of Notch1 but not the LysMCre transgene. We
observed a nearly 40% decrease in macrophage recruitment to wound tissue at postinjury
day 5 in LysMCre; Notch1floX/flox mice compared with control (Fig. 4A-C). Furthermore,
wounds in LysMCre; Notch1floX/flox mice were characterized by decreased TNF-a expression
compared with control (Fig. 4D-F). We costained for F4/80 and TNF-a in wound tissue and
found decreased infiltration of TNF-a* macrophages in wounds in LysMCre; Notch1flox/flox
mice compared with control (Fig. 4G, 4H). In contrast to wounds in Notch1*/~ mice where
angiogenesis and collagen deposition increased (Fig. 3), angiogenesis and collagen
deposition was relatively unchanged in wounds in LysMCre; Notch1flox/flox mice compared
with control (data not shown), suggesting that Notch functions in nonmyeloid cells to affect
these processes. However, these data demonstrate that Notchl expression in the myeloid
lineage in mice contributes to both macrophage recruitment and TNF-a expression during
wound healing.

Notch signaling is induced in BMM response to LPS/IFN-y or IL-4

Because we observed changes in macrophage recruitment and function in Notch-deficient
mice, we wanted to characterize Notch expression and signaling in isolated macrophages in
the context of stimulation. Previously published studies used the immortalized mouse
macrophage cell line RAW 264.7 and showed that LPS and IFN-vy increased expression of
Notchl and Jaggedl (13). Because RAW 264.7 cells are immortalized, and Notch signaling
has been reported to interact with proteins that regulate the cell cycle (31, 32), we chose to
explore the role of Notch signaling in cultured primary mouse BMM. We used LPS/IFN-y
or IL-4 to induce BMM toward differentiation states that approximate the M1 (classically
activated) or M2 (alternatively activated) phenotype, respectively. After overnight
incubation, RNA was harvested for reverse transcription and quantitative RT-PCR. LPS/
IFN-y—mediated differentiation of BMM toward the M1 phenotype was associated with
upregulation of iNOS, whereas differentiation of BMM toward the M2 phenotype by IL-4
was associated with an increase in arginase expression (Fig. 5A). We found that transcript
levels of Notchl and Jaggedl were induced in response to LPS/ IFN-y in BMM, whereas
only Jagged1 was induced in response to IL-4 (Fig. 5B, 5C). Activation of Notch signaling
is associated with upregulation of Notch target genes, which include members of the hairy
and enhancer of split (HES) and Hey family of transcriptional repressors (1). We detected
increased expression of Hey1 in response to both LPS/IFN-y and IL-4 (Fig. 5D), but
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expression of HES1 or Hey2 was below the level of detection (data not shown). As Heyl is
a target of Notch/CSL transactivation, these results suggest that stimulation of BMM with
LPS/IFN-v or IL-4 is associated with activation of canonical Notch signaling.

Additionally, transcript levels of VEGFR-1, which has been shown to be downstream of
Notch signaling in endothelial cells (2—4) and is the only VEGF receptor expressed in
monocytes and macrophages (5, 33), was also upregulated in response LPS/IFN-y and IL-4
(Fig. 5E). Thus, evidence of Notch signal activation is seen in both classically activated
(induced by LPS/IFN-vy) and alternatively activated (induced by IL-4) macrophages.

Notch mediates VEGFR-1 induction in response to LPS/IFN-y, but not IL-4

VEGFR-1 is important for recruitment and function of macrophages in areas of angiogenesis
and inflammation (5-7). Our data demonstrating decreased macrophage recruitment to
wounds in Notch1-deficient mice and the fact that Notch regulates VEGFR-1 expression in
endothelial cells (2, 3) provided a rationale for determining whether Notch signaling
regulates VEGFR-1 expression in macrophages. Despite similar induction of VEGFR-1
transcripts (Fig. 5E), surface expression of VEGFR-1 was increased in BMM treated with
LPS/IFN-v, but not those treated with IL-4, as shown by flow cytometry (Fig. 6A). We
investigated whether VEGFR-1 is downstream of Notch signaling using compound E, a v-
secretase inhibitor (GSI) that prevents cleavage and nuclear translocation of Notch
receptors, thus inhibiting Notch signaling. Induction of transcripts and surface expression of
VEGFR-1 by LPS/IFN-y was decreased when BMM were coincubated with 400 nM GSI
(Fig. 6B, 6C). Because of the possibility of GSI affecting substrates other than Notch, we
also treated BMM with conditioned medium containing the extracellular domain of Jaggedl
(Jag1Fc), which prevents endogenous ligand binding and inhibits Notch signaling, as
verified by a luciferase reporter assay using a CSL-dependent construct (data not shown).
Incubation of BMM with Jag1Fc inhibited the induction of VEGFR-1 in response to LPS
(Fig. 6D), indicating that Notch receptor-ligand interactions are necessary for VEGFR-1
expression in response to stimulation in these cells. This is also supported by the observation
that cells plated at high density, where cell—cell contact is maximized, have enhanced
induction of VEGFR-1, compared with cells seeded at lower densities (data not shown). In
contrast, transcript levels of VEGFR-1 in response to IL-4 were unaffected by GSI (Fig. 6E),
and surface expression of VEGFR-1 was only slightly decreased (Fig. 6F). Protein
expression of arginase was induced in response to IL-4 but unaffected by Notch inhibition
with GSI (Fig. 6G). These results suggest that protein expression of VEGFR-1 is not
associated with the M2 phenotype. Although Notch signaling is induced by IL-4 treatment
(Fig. 5D), the induction of VEGFR-1 transcripts by IL-4 is not dependent on Notch signal
activation. However, Notch signaling is used to regulate VEGFR-1 downstream of LPS/
IFN-y.

Notch signaling regulates baseline levels of VEGFR-1 in BMM

To determine if Notch signal activation could induce expression of VEGFR-1, we used a
lentiviral vector to express the N1IC in BMM. This N1IC construct results in cleavage-
independent, constitutive activation of Notch signaling. Quantitative RT-PCR demonstrated
that expression of N11C in BMM induced expression of VEGFR-1 as well as the Notch
target gene Hey1, further indicating that VEGFR-1 is downstream of Notch1 signaling (Fig.
7A). We next investigated whether Notch signaling maintains levels of VEGFR-1 in BMM
in the absence of stimulation. We treated unstimulated BMM with GSI and found decreased
VEGFR-1 expression at both the transcript and protein level compared with control (Fig.
7B). Thus, maintenance of VEGFR-1 expression in resting macrophages is dependent on y-
secretase activity, suggesting a dependency on Notch signaling.
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Notch1, not Notch4, maintains levels of VEGFR-1 in BMM

We next wanted to determine whether genetic loss of Notch affects VEGFR-1 expression in
macrophages. To do this, we cultured BMM from Notch mutant mice and assessed
expression of VEGFR-1. BMM from hematopoietic stem cells isolated from Notch mutant
mice were able to be cultured (data not shown). We detected decreased expression of
VEGFR-1 in unstimulated BMM from Notch1*/~ mice compared with wild-type littermates
by flow cytometry (Fig. 7C, left). However, BMM from Notch4~/~ mice had only slightly
decreased expression of VEGFR-1 compared with wild-type littermates (Fig. 7C, right),
demonstrating that Notch4 is dispensable for maintaining VEGFR-1 expression in these
cells. Furthermore, while induction of VEGFR-1 in response to LPS/IFN-y in Notch4 =/~
BMM was comparable to wild-type BMM, induction of VEGFR-1 in Notch1*/~Notch4/~
BMM was significantly attenuated (Fig. 7D). However, NOS2 activity, as demonstrated by
production of NO, was similar between wild-type and Notch1*/~ BMM and was unaffected
by coincubation with GSI (Fig. 7E). Thus, both pharmacological (Fig. 6) and genetic (Fig. 7)
evidence demonstrated that Notchl regulates VEGFR-1 expression in macrophages and is
necessary for induction of VEGFR-1 in response to LPS/IFN-y.

Decreased Notch signaling and VEGFR-1 expression in circulating monocytes from
Notch1*/~ mice

We next established that Notch signaling is active in peripheral blood leukocytes by
performing flow cytometry on cells from transgenic Notch reporter mice that express GFP
under the control of a CSL-responsive promoter (22). We crossed these transgenic mice into
the Notch1 mutant background and found that GFP expression was decreased in peripheral
blood leukocytes from Notch1*/~ transgenic mice compared with leukocytes from transgenic
mice with both wild-type Notchl alleles (Fig. 8A). Based on our results in BMM, we
hypothesized that circulating monocytes in the peripheral blood of Notch1*/~ mice would
have decreased VEGFR-1 expression. To assess this, peripheral blood leukocytes from
Notch1*/~ mice or wild-type littermates were stained for VEGFR-1 and assessed by flow
cytometry. Using gating for the monocytic population by side and forward scatter properties,
we found that circulating monocytes from Notch1*/~ mice express less VEGFR-1 than do
monocytes from wild-type littermates (Fig. 8B, left). As a control, we found that expression
of the myeloid marker CD11b was unchanged (Fig. 8B, right). The number of circulating
monocytes in Notch1*/~ mice was not affected (data not shown). Thus, peripheral blood
leukocytes from in Notch1*/~ mice display reduced Notch reporter activity and decreased
VEGFR-1 compared with wild-type cells.

Notch signaling regulates inflammatory cytokines in BMM

Our wounding assays showed decreased expression of TNF-a in wounds in Notch1 mutant
mice compared with wild-type littermates. We used BMM to explore the effect of Notch
inhibition on a broad panel of inflammatory cytokines. We stimulated BMM with LPS/IFN-
v, then collected culture supernatants and assessed cytokine levels using a bead-based
ELISA assay. Increased levels of IL-6, IL-12, CXCL10 (IP-10), MCP-1, MIG, and TNF-a
were detected in the supernatant of stimulated BMM. The induction of these cytokines upon
stimulation was diminished when Notch signaling was inhibited with GSI (Fig. 9A),
establishing a role for Notch in the regulation of IL-6, IL-12, IP-10, MCP-1, MIG, and TNF-
a. Levels of IL-1-b, IL-10, CXCL1, and MIP-1a were also increased in response to LPS/
IFN-y stimulation, but secretion of these cytokines was not affected by Notch inhibition with
GSI (data not shown). None of these inflammatory cytokines was upregulated in response to
IL-4 (data not shown). We next investigated whether induction of inflammatory cytokines
would be decreased in BMM from Notch1*/~ mice. We found that levels of LPS/IFN-y—
induced IL-6, IL-12, and TNF-a were lower in culture supernatants from Notch1*/~ BMM
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compared with BMM from wild-type littermates (Fig. 9B). These results confirm and extend
previous data demonstrating a role for Notch signaling in regulating the inflammatory
response (16, 34) and provide genetic evidence that signaling by the Notch1 receptor is
necessary for optimal inflammatory cytokine response in macrophages.

Discussion

We explored the functional consequence of loss of Notchl expression or activity in
macrophages in the context of inflammation. In an excisional wound healing assay, we
found that mice mutant for Notch1 have an altered inflammatory response during wound
healing compared with wild-type littermates. Normal wound healing goes through three
overlapping phases: inflammation, proliferation, and remodeling (26). We focused on time
points during the inflammatory and proliferative phases, where macrophage function is most
pronounced. Macrophage recruitment to wounds was delayed at postinjury day 5 in
Notch1*/~ mice, and we observed decreased expression of TNF-a in macrophages in
Notch1*/~ wounds. Interestingly, several aspects of wound healing improved over time
when compared with wild-type mice. We found that wounds in Notch1*/~ mice had
increased collagen deposition and angiogenesis, and they exhibited less shearing during
wound harvest. Thus, we provide the first evidence, to our knowledge, of decreased
inflammatory response and increased collagen deposition and angiogenesis in wounds in
Notch1*/~ mice.

The effects of loss of Notchl on wound healing are likely to be multifactorial in this model,
as Notch may affect the function of multiple cell types that would be expected to play a role
in wound healing. This is validated by the finding that mice with myeloid-specific deletion
of Notchl display decreased macrophage recruitment and decreased TNF-a expression in
wounds, but unchanged vascular density or collagen content. It is likely that the changes in
angiogenesis observed in Notch1*/~ wounds are due to loss of Notch1 in endothelial cells,
where Notch function in endothelial cell sprouting and growth has been well documented (2,
4, 28, 29). These findings are consistent with a model whereby Notch signaling results in
reduced growth of endothelium as part of a feedback loop downstream of VEGF signaling
(reviewed by Thurston and Kitajewski in Ref. 35). In contrast, a previously published report
showed delayed wound healing and decreased angiogenesis in mice expressing a Notchl
antisense sequence, or mice treated topically with the g-secretase inhibitor DAPT (36).
Unlike evaluation of reduced Notch1 activity due to heterozygosity or myeloid-specific
knockout reported in this study, treatment of mice with antisense sequences or y-secretase
inhibitors may have phenotypes associated with targets other than Notch. This discrepancy
could be also due to differences in experimental methods or to less efficient decrease in
Notchl expression in the skin of Notchl antisense mice (~50% of wild-type levels) (36).
Importantly, our finding that wounds in Notch1*/~ mice have increased collagen content is
the first genetic evidence, to our knowledge, of a role for Notch in extracellular matrix
homeostasis during inflammation. Thus, Notch may function in additional cell types, such as
fibroblasts, that are associated with wound healing. Taken together, our genetic models have
established a specific role for Notchl in macrophage recruitment and function during wound
healing, but further study is needed to elaborate on how Notch1 in other cell types may
contribute to wound resolution.

We also assessed Notch activity in macrophages in response to classical (M1) or alternative
(M2) activation. Classically activated macrophages induced by LPS/IFN-y upregulated
surface expression of VEGFR-1 in a Notch-dependent manner. Although macrophages in
culture express both Notchl and Notch4 (10), we found that Notchl is important for the
regulation of VEGFR-1 expression in response to stimulation and in maintaining baseline
levels of VEGFR-1, whereas Notch4 is dispensable for these functions. Notch signaling was
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not required for production of NO in response to LPS/IFN-y. In contrast to classically
activated macrophages, we found that alternatively activated macrophages induced by 1L-4
have evidence of Notch signal activation but did not upregulate surface expression of
VEGFR-1, suggesting that this is not a target of Notch activation in this setting.
Additionally, upregulation of arginase in response to IL-4 was not compromised by Notch
inhibition. Our results support the hypothesis that increased expression of VEGFR-1 is
indicative of classically activated macrophages, but not alternatively activated macrophages.
However, Notch activity was not found to be solely indicative of the M1 or M2 phenotype,
but it appears to be activated in both settings based on evaluation of the Notch target gene
Heyl.

We have provided evidence for the importance of Notch signaling for cytokines expressed in
classically activated macrophages. Our data show that Notch inhibition results in diminished
induction of IL-6, IL-12, IP-10, MCP-1, MIG, and TNF-a in response to LPS/IFN-y.
Previous reports have indicated cooperation between TLR and Notch pathways and have
suggested an additional regulatory mechanism by which IFN-y mediates a feedback loop
that inhibits further activation of Notch targets (16). Nonetheless, stimulation with both LPS
and IFN-y induced Notch activation in our assays, as has been demonstrated by others (13,
34), and inhibition of Notch signaling with GSI was able to partially block the expression of
target genes in response to stimulation. The cytokine response to Notch activation in
macrophages is clearly complicated, with regulation of several distinct cytokines. It will be
important to determine which, if any, of these genes are directly regulated by Notch, the
HES/Hey genes, or by interactions with other pathways.

Our data provide genetic evidence that Notchl plays a role in regulating the inflammatory
response in macrophages, and that macrophages from Notchl mutant mice are deficient in
their ability to respond to inflammatory cues. We hypothesize that the decrease in
macrophage recruitment to wounds in Notchl mutant mice is due, at least in part, to
decreased VEGFR-1 and inflammatory cytokine expression. Notchl, and not Notch4, is
more important for these functions, as expression of VEGFR-1 and macrophage recruitment
to wounds were largely unaltered in Notch4~/~ mice (Fig. 7 and data not shown). Studies in
mice have shown that VEGFR-1 signaling is critical for macrophage recruitment to areas of
inflammation and angiogenesis and is also necessary for secretion of cytokines and
macrophage function at these sites (6, 37). Our studies offer the possibility that therapeutic
inhibition of Notch signaling may result in decreased macrophage recruitment and altered
macrophage function in a variety of settings.

Although several studies have documented that decreased macrophage recruitment to
wounds impairs tissue repair (38—40), other reports have raised questions as to whether
macrophage-mediated inflammation at the wound site is necessary or conducive for wound
healing (30, 41, 42). Because of the release of inflammatory cytokines, accumulation of
macrophages at the wound site may be associated with tissue destruction that prevents the
proliferation and remodeling that is necessary for wound resolution. Accordingly, the
activation state of infiltrating macrophages plays an important role in whether they promote
or prevent wound healing, and inflammation, although necessary to prevent infection, may
do more harm than good in terms of wound resolution (26). Using Notchl heterozygous
mice as well as mice with myeloid-specific loss of Notchl, we have shown that Notch1l is
important for recruitment of TNF-a— expressing inflammatory macrophages to wounds. Our
data suggest that Notchl plays an important role in classically activated M1 macrophages, a
finding that has implications in a variety of settings, including in tumor-associated
macrophages, where Notch signaling has been implicated for antitumor function (43). Given
the widespread expression of Notch ligands and receptors, it is likely that interactions
between macrophages and other cells in their micro-environment, including with each other,
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may induce activation of Notch signaling and expression of a variety of downstream targets
that affect macrophage function.
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FIGURE 1.

Decreased macrophage recruitment to wounds in Notch1*/~ mice. Full-thickness excisional
wounds were made on the dorsum of mice. Wounds were harvested for
immunohistochemistry at day 5 postinjury from WT (A, C) or Notch1*/~ (B, D) mice.
Representative images of F4/80 staining of wound tissue at edge of re-epithelialization are
shown. Original magnification x6 (A, B) or x25 (C, D). Arrowheads indicate wound edge.
Arrows indicate areas of macrophage infiltration. E, Quantification of F4/80 staining of day
5 wound tissue. *p < 0.05 relative to control. WT, wild-type.
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FIGURE 2.
Decreased TNF-a expression in wounds in Notch1*/~ mice. TNF-a staining of granulation

tissue of day 5 WT (A) or Notch1*/~ (B) wounds shown. Original magnification x20. Arrows
indicate areas of TNF-a—expressing cells. C, Quantification of TNF-a staining of day 5
wound tissue. D-G, F4/80 (green) and TNF-a (red) costaining of day 5 wound tissue shown.
Original magnification x25 (D, E) and x120 (F, G). DAPI staining is shown in blue (F, G).
*p < 0.05 relative to control. WT, wild-type.
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FIGURE 3.

Increased neovascularization and collagen deposition in wounds in Notch1*/~ mice. Day 7
wound tissue from WT (A, C) and Notch1*/~ (B, D) mice. A and B, Representative images of
F4/80 staining of wound tissue at edge of re-epithelialization. Original magnification x20. C
and D, Trichrome staining of day 7 wounds showing collagen deposition (stained in blue) in
regions directly below re-epithelialization (indicated by dashed lines). Day 14 wound tissue
shown from WT (E, G) and Notch1*/~ (F, H) mice. E and F, Visualization of wound tissue
by H&E staining. Original magnification x6. G and H, CD31 staining of wound tissue.
Original magnification x40. RBC-filled neovessels indicated by arrows. WT, wild-type.
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! Niotch'itdier TNE-alpha /-

control Notch 1flox/flox

Decreased macrophage recruitment and TNF-a expression in wounds from mice with
myeloid-specific loss of Notchl. Day 5 wound tissue was harvested from

LysMCre; Notch1flox/flox (B £, H) or control (A, D, G) mice. Representative images of
wound tissue staining for F4/80 (A, B) and TNF-a (D, E) at edge of re-epithelialization.
Original magnification x20. Arrows indicate areas of F4/80 and TNF-a staining.
Quantification of F4/80 (C) and TNF-a (F) staining. G and H, Costaining of F4/80 (green)
and TNF-a (red) in day 5 wound tissue. Original magnification x20. *p < 0.05 relative to

control.
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FIGURE 5.

Notch signaling is induced in BMM in response to LPS/IFN-y and IL-4. BMM were
stimulated with 100 ng/ml LPS and 100 U/ml IFN-vy or 5 ng/ml IL-4 overnight .Transcripts
were assessed by quantitative RT-PCR. A, iNOS (left) and arginase (right) expression in
response to LPS/IFN-vy or IL-4 stimulation. B, Stimulation with LPS/IFN-y induced
expression of Notchl and Jaggedl. C, Stimulation with IL-4 induced expression of Jagged1,
but not Notchl. D, Both IL-4 (left) and LPS/IFN-vy (right) induced expression of the Notch
target gene Heyl. E, Both IL-4 (left) and LPS/IFN-vy (right) induced expression VEGFR-1.
Quantitative RT-PCR results represent reactions performed in triplicate and normalized to
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expression of PO (6SD). Data are representative of at least three independent experiments.
*p < 0.05 relative to control.
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Notch mediates VEGFR-1 induction in response to LPS/IFN-v, but not IL-4. A, Flow
cytometry of BMM after overnight stimulation showed increased surface expression of
VEGFR-1 in response to LPS/IFN-v (I€eft), but not IL-4 (right). Coincubation of BMM with
400 nM GSI inhibited induction of transcript (B) and protein (C) levels of VEGFR-1 after
overnight stimulation with LPS/IFN-y. D, Incubation with Jag1Fc-conditioned medium
inhibited induction of VEGFR-1 in response to LPS. E, Induction of transcript levels of
VEGFR-1 in response to IL-4 was unaffected by GSI. F, Surface expression of VEGFR-1
was unaffected by IL-4, but coincubation with GSI led to a slight decrease in VEGFR-1
expression. G, Immunoblotting for arginase expression in whole-cell protein extracts from
IL-4-stimulated BMM, with or without GSI (upper panel). The same membrane was probed
for a-tubulin as a loading control (lower panel). Quantitative RT-PCR results represent
reactions performed in triplicate and normalized to expression of PO (£SD). Data are
representative of at least three independent experiments. *p < 0.05 relative to control.
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FIGURE 7.

Notchl, not Notch4, regulates baseline levels of VEGFR-1 in BMM. A, A lentiviral
construct encoding the constitutively active N11C was transduced into BMM and transcripts
were assessed by quantitative RT-PCR 48 h postinfection. N1IC trans-duction led to
increased VEGFR-1 expression (left), as well as increased expression of the Notch target
gene Heyl (right). B, Incubation of resting BMM with GSI overnight led to decreased
transcript (left) and protein (right) levels of VEGFR-1. C, BMM from Notch mutant mice
were analyzed for VEGFR-1 expression by flow cytometry. Notch1*/~ BMM had decreased
surface expression of VEGFR-1 (left), whereas VEGFR-1 expression in Notch4™~ BMM
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was largely unchanged (right) compared with WT BMM. D, Quantitative RT-PCR
demonstrated that BMM from Notch4™/~ mice induce VEGFR-1 in response to LPS/IFN-y
to a similar degree as do WT BMM, whereas loss of Notch1 leads to diminished induction
of VEGFR-1. E, Production of NO in culture supernatant from WT or Notch1*/~ BMM was
assessed by Griess reagent. Cells were stimulated overnight with LPS/IFN-y. Some cells
were coincubated with GSI. Quantitative RT-PCR results represent reactions performed in
triplicate and normalized to expression of PO (xSD). Data are representative of at least three
independent experiments. *p < 0.05 relative to control. WT, wild-type.
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Decreased Notch signaling and VEGFR-1 expression in circulating monocytes from
Notch1*/~ mice. A, Notch signaling was assessed in peripheral blood leukocytes from Notch
reporter mice harboring a CSL-responsive GFP transgene using flow cytometry to detect

GFP expression. B, Circulating monocytes from Notch1*/~ mice expressed decreased

VEGFR-1 compared with WT littermates (left), whereas expression of CD11b was

unchanged (right). WT, wild-type.
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FIGURE 9.

Notch signaling regulates inflammatory cytokines in BMM. A, BMM were stimulated with
LPS/IFN-vy overnight and culture supernatants were analyzed for cytokine secretion using
bead-based ELISA. Coincubation of stimulated BMM with GSI led to decreased secretion of
(i) IL-6, (i) 1L-12, (iii) IP-10, (iv) MCP-1, (V) MIG, and (vi) TNF-a. B, BMM from
Notch1*/~mice had decreased induction of IL-6, IL-12, and TNF-a in response to LPS/IFN-
v. Data are representative of at least three independent experiments. Analysis of cytokine
secretion was performed in duplicate for each sample. *p < 0.05 relative to control.
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