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ABSTRACT

Macrophages are prominent cells in acute and chronic inflammatory diseases.
Recent studies highlight a role for macrophage proliferation post monocyte recruitment
in inflammatory conditions. Using an acute peritonitis model, we identify a significant
defect in macrophage proliferation in mice lacking leukocyte transmembrane protease
ADAML17. The defect is associated with decreased levels of macrophage colony-
stimulating factor-1 (CSF-1) in the peritoneum, and is rescued by intraperitoneal
injection of CSF-1. Cell surface CSF-1 (csCSF-1) is one of the substrates of ADAM17.
We demonstrate that both neutrophils and macrophages are major sources of csCSF-1.
Furthermore, acute shedding of csCSF-1 following neutrophil extravasation is
associated with elevated expression of iRhom2, a member of the rhomboid-like
superfamily, which promotes ADAM17 maturation and trafficking to the neutrophil
surface. Accordingly, deletion of hematopoietic iRhomz2 is sufficient to prevent csCSF-1
release from neutrophils and macrophages, and to prevent macrophage proliferation. In
acute inflammation, csCSF-1 release and macrophage proliferation are self-limiting due
to transient leukocyte recruitment and temporally restricted csCSF-1 expression. In
chronic inflammation such as atherosclerosis, the ADAM17-mediated lesional
macrophage proliferative response is prolonged. Our results demonstrate a novel
mechanism whereby ADAM17 promotes macrophage proliferation in states of acute

and chronic inflammation.
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INTRODUCTION

Macrophages are one of the most prominent innate immune cells in chronic
inflammatory diseases as well as in acute inflammation (1-7). Studies of chronic
inflammation using murine atherosclerosis models have revealed that macrophage
proliferation within atherosclerotic lesions, rather than monocyte recruitment from the
blood, dominates macrophage accumulation in established lesions (5-8). In obesity-
associated adipose tissue inflammation, and an acute zymosan-induced peritonitis
model, significant macrophage proliferation is also evident (6,7). These studies all
highlight a role for macrophage proliferation as an important mechanism for expansion
of the macrophage population in tissue inflammation.

Macrophage colony-stimulating factor (CSF)-1 is a potent stimulator of macrophage
survival, proliferation, and differentiation (4), and accordingly, intravenous injection of
CSF-1 into mice increases circulating monocyte numbers and macrophages in various
peripheral areas (10,65). CSF-1 exists in 3 biologically active isoforms: a membrane-
spanning, cell-surface form (csCSF-1), and 2 secreted forms, namely the glycoprotein
CSF-1 (sgCSF-1) and the proteoglycan CSF-1 (spCSF-1), which circulate in the blood
stream (12). Itis generally believed that circulating CSF-1 is synthesized primarily by
endothelial cells, and selectively maintains certain macrophage populations, including
Kupffer cells, whereas csCSF-1 is synthesized in local tissues by stromal, epithelial and
endothelial cells to regulate macrophage populations in these tissues (11,12).
Csf11°P/Csf1°P mice, which exhibit an inactivating mutation in the Csfl gene, have gross

deficiencies in macrophage numbers and effector functions (66,13). CSF-1 exerts its
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biological functions through the CSF-1 receptor (CSF-1R, or CD115), a type lll receptor
tyrosine kinase encoded by the Csflr (c-fms) gene (67). Gene targeting of the Csflr
locus essentially phenocopies the deficiencies of the Csf1°?/Csf1°? mouse (14). The
CSF-1R is preferentially expressed on cells of the mononuclear phagocyte system, and
CSF-1 binding to the CSF-1R triggers receptor dimerization and autophosphorylation,
CSF-1 internalization, and activation of key downstream signaling pathways leading to
cell survival and proliferation (68,69). The extent of CSF-1-dependent local
macrophage proliferation and its contributions to peripheral tissue macrophage
accumulation seem to be tissue dependent and are not fully understood (7,8,16-18,65).
The protease ADAM17 is a member of a disintegrin and metalloprotease (ADAM)
family that has been shown to cleave and activate many cell-surface proteins involved
in inflammatory responses (19-22). Identified ADAM17 substrates include adhesion
molecules, chemokines, cytokines and their receptors, such as TNF-a, TNF-R1 and
TNF-R2, csCSF-1 and CSF-1R (23-27). Thus, ADAM17 could be an important
regulator of inflammatory processes as well as of macrophage proliferation through the
generation of soluble TNF-a, soluble CSF-1 (sCSF-1) and/or through regulating their
respective receptor densities. ADAM17 is constitutively expressed by most cells, and
global deletion of ADAM17 is embryonically lethal in mice (21). Therefore, conditional
knockout mice have served as essential tools to assess ADAM17 functions in
inflammation, tissue remodeling and regenerative responses (28,29). By using
hematopoietic cell-specific deletion of ADAM17, we have previously reported that
ADAML17 plays important roles in multiple stages of inflammatory responses, including

the regulation of initial neutrophil influx into the peritoneal cavity after thioglycollate



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

injection (24); monocyte transmigration under different inflammatory conditions (30,31);
and the regulation of macrophage uptake of apoptotic cells (32). We have shown that
these regulatory functions of ADAM17 are mediated by cleavage of different substrates
such as L-selectin, integrins, and the scavenger receptor CD36, but mechanisms
controlling ADAM17 proteolysis of specific substrates in different inflammatory
conditions are still poorly understood. Recent studies have identified the rhomboid-like
protein, iRhom2, encoded by Rhbdf2 as an essential regulator of the maturation of
ADAML17 in hematopoietic cells, and of the rapid activation of ADAM17’s shedding
activity of some substrates (33-38).

We therefore explored the role of ADAM17 and iRhom2 in macrophage proliferation
in the acute thioglycollate-induced peritonitis model as well as in chronic inflammatory
atherosclerosis model. Our results show that inflammatory neutrophils and
macrophages are both sources of csCSF-1, and that csCSF-1 is shed by ADAM17 in an
iRhom2-dependent manner during inflammation. This ADAM17-mediated release of
soluble CSF-1 plays an important role in driving macrophage proliferation in both acute

and chronic inflammatory conditions.
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RESULTS

Leukocyte ADAM17 promotes macrophage proliferation in acute inflammation

To test the hypothesis that leukocyte surface proteins released by ADAM17
regulate inflammatory macrophage proliferation, we used the thioglycollate induced
acute peritonitis model in hematopoietic chimeric mice repopulated by wildtype or
ADAML17-null bone marrow. We compared leukocyte accumulation after injection of the
sterile irritant thioglycollate into the peritoneal cavity of the chimeras. Our earlier report
demonstrated that ADAM17-dependent shedding of L-selectin regulates initial
neutrophil influx, but does not alter early monocyte recruitment in this model (24). We
also showed that macrophage numbers in the peritoneum were comparable at 4, 12
and 24 hrs post thioglycollate injection in wildtype and ADAM17-/- hematopoietic

chimeras (24). In the present study, our observations of later time point show that at 48

hrs post thioglycollate injection, a 30% reduction in macrophage accumulation is
detected in ADAM17-/- chimeras (Fig. 1A). We hypothesized that there might be
significant local macrophage proliferation after initial infiltration at the site of
inflammation in this model. Thus, we quantified macrophages in the S phase of the cell
cycle at 24, 40, 64, and 72 hrs post thioglycollate by administration of BrdU 1 hr before
harvest, and analyzed the cells by flow cytometry. Peritoneal cells were stained for the
markers Ly6G and Siglec F to gate out neutrophils and eosinophils, respectively, and
gated on F4/80+ and single cell population to assess BrdU incorporation in the
macrophage population. Representative flow cytometry data collected 40 hrs after

thioglycollate injection are presented Figure 1B. Our data show that while there are
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very few macrophages in S phase at 24 hrs, at 40 hrs after thioglycollate injection,
wildtype chimeras exhibit ~30% of macrophages in S phase (Fig. 1C). In this acute
inflammation model, macrophage proliferation is transient, peaking at 40 hrs post
thioglycollate injection, and diminishing rapidly to the baseline by 72 hrs (Fig. 1C). In
the absence of hematopoietic ADAM17, this proliferation peak is reduced by 40.5%
(Fig. 1D). Consistent with the known characteristics of inflammatory macrophages
(5,8), the proliferating cells are F4/80", CD115", Ly6C", and CD11b" (Fig.1B). Next,
we examined whether the decrease in macrophage proliferation in ADAM17-/- chimeras
is cell autonomous. To answer this question, we generated mixed hematopoietic
chimeras in which lethally irradiated recipients were repopulated with 50% wildtype
(CD45.1) and 50% ADAM17-null (CD45.2) bone marrow cells to test the two genotypes
in the same local milieu. Our data show that the percentage of wildtype and ADAM17-
null S phase macrophages in mixed chimeras did not differ (Fig. 1E), indicating that
wildtype cells had released a soluble factor that normalized the environment and that
the reduced macrophage proliferation in ADAM17 null chimeras is not cell intrinsic.
Thus, ADAM17 must mediate the transient release of a soluble factor that is critical in

stimulating macrophage proliferation in acute inflammation.

Soluble CSF-1, a cleavage product of ADAM17, promotes macrophage
proliferation in the peritonitis model

Since CSF-1 is a potent stimulus of macrophage proliferation and the cell surface
isoform csCSF-1 depends on ADAM17 cleavage to release its soluble form (26), we

examined levels of soluble CSF-1 (sCSF-1) in peritoneal fluid at 4, 12, 24, and 48 hrs by
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ELISA. In wildtype hematopoietic chimeras, SCSF-1 peaked at 12 hrs after
thioglycollate injection and its level was still appreciable at 24 hrs, the time points that
precede macrophage proliferation, while ADAM17-/- chimeras showed significantly
lower sSCSF-1 levels at each time point in their cavity (Fig. 2A). To test whether soluble
CSF-1 is the critical factor that promotes macrophage proliferation, we injected 10 ng
recombinant CSF-1 per mouse cavity at 8 hrs after thioglycollate injection.
Administrating extraneous CSF-1 rescues not only the defect in macrophage
accumulation at 48 hrs post thioglycollate injection (Fig. 2B), but also macrophage
proliferation at this time point (Fig. 2C) in ADAM17 null chimeras. Furthermore, to
exclude the possibility of a role for CSF-1 in promoting macrophage survival in the
peritoneal cavity, we assessed macrophage apoptosis in the CSF-1 rescuing
experiments. We detected very low levels of macrophage apoptosis with or without
exogenous CSF-1 in the cavity and there were no differences in the percentage of
apoptotic macrophages in wildtype and ADAM17-/- chimeras, ruling out a major role of
soluble CSF-1 in macrophage survival at this time point in this model (Fig. 2D).
Because ADAM17 is also known to shed the CSF-1 receptor (27), we assessed F4/80+
macrophage surface CSF-1R expression by CD115 staining and flow analysis at 4, 12,
and 24 hrs post thioglycollate injection, the time points prior to the peak in macrophage
proliferation (Fig. 3A). ADAM17-deficient macrophages exhibited higher surface CD115
expression at all time points tested, but CD115 expression was hardly detectable at 4
hrs and 12 hrs post thioglycollate injection on both wildtype and ADAM17-/- peritoneal
macrophages. By 24 hrs post thioglycollate injection, CD115 expression was

significantly elevated on macrophages, as compared to the previous time points,
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suggesting this could be the time when macrophages increase CSF-1R signaling and
internalization of CSF-1. ADAM17 null macrophages showed 3-fold higher CD115
mean fluorescent intensity compared to the wildtype macrophages at this time point
(Fig. 3A), confirming that ADAM17 is involved in shedding of surface CD115, and that
the CSF-1/CSF-1R pathway is not innately defective in ADAM17-/- macrophages. To
test whether the significant decrease in SCSF-1 levels in the peritoneal cavity of
ADAML17-/- chimeras (Fig. 2A) could be caused by local or systemic responses post
thioglycollate injection, serum sCSF-1 levels were measured by ELISA. In contrast to
the decrease in local SCSF-1 concentration in the peritoneal cavity, there were no
differences in serum sCSF-1 levels between wildtype and ADAM17 null chimeras, either
before or 12 hrs after thioglycollate injection (Fig. 3B). Thus the local SCSF-1 response,
rather than circulating CSF-1 is regulated by ADAML17 in this inflammatory model. In
addition to csCSF-1 and CSF-1R, TNF-a is an important ADAM17 substrate that plays
major roles in inflammatory responses (19,20). Indeed, soluble TNF-a in the peritoneal
cavity was reduced by over 90% in ADAM17 null chimeras (Fig. 3C), which is consistent
with ADAM17 being the major sheddase of TNF-a.. We considered whether this
cytokine could indirectly alter macrophage proliferation. To address this possibility, we
injected recombinant TNF-a into the peritoneal cavity of ADAM17 hematopoietic
chimeras and assessed macrophage proliferation. Exogenous TNF-a was unable to
rescue the proliferative defect in ADAM17-null chimeras (Fig. 3D). These findings
demonstrate that ADAM17-mediated cleavage of csCSF-1 is controlling macrophage

proliferation in thioglycollate induced acute inflammation.
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Neutrophils and macrophages are major transient sources of soluble CSF-1in
acute peritonitis

It is known that stromal, epithelial and endothelial cells are major sources of
CSF-1 (11), but our chimeras only lack ADAM17 in hematopoietic cells. Because
ADAML17 cleavage appears to be restricted to substrates on the same cell (39), this
suggests that hematopoietic cells express csCSF-1. It has been reported that CSF-1
MRNA can be detected in hematopoietic cells, including neutrophils in mice (50). At 12
hrs post thioglycollate injection, the most abundant cell type within the peritoneal cavity
is the neutrophil (Fig. 4A), and this is also the time when maximal release of SCSF-1
occurs (Fig. 1C). We therefore investigated whether csCSF-1 protein is detectable on
leukocytes in the cavity at 12 hrs post thioglycollate injection. To analyze the cell
surface CSF-1 expression by flow cytometry, we first confirmed the CSF-1 antibody
specificity by staining peritoneal cells of CSF-1-/- chimeras. While the antibody clearly
detected a positive CSF-1 signals over IgG control on both wildtype and ADAM17 null
neutrophils and macrophages at 12 hrs post thioglycollate injection, the CSF-1 null cells
showed no positive cell surface staining (Fig. 4B), confirming specificity of the anti-CSF-
1 antibody. Among all leukocytes tested, inflammatory neutrophils and macrophages
exhibited marked positive cell surface CSF-1 immunoreactivity, whereas lymphocytes
and eosinophils did not (Fig. 4C). Thus, inflammatory neutrophils and macrophages are
major sources of surface CSF-1 protein in the thioglycollate induced peritonitis model.

As csCSF-1 can be stored in intracellular membrane compartments and
transported to the cell surface to be cleaved by ADAM17 (26), we next asked whether

intracellular CSF-1 can be detected in neutrophils and macrophages by flow cytometry

12
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(Fig. 5A-D). Comparison of cell surface CSF-1 levels with total CSF-1 levels following
cellular permeabilization shows that peritoneal neutrophils contain significant
intracellular CSF-1 (Fig. 5C), while there is no difference between total and cell surface
CSF-1 in macrophage (Fig. 5D). This finding suggests that the neutrophil is a potential
continuous supplier of csCSF-1. Before thioglycollate injection, the non-inflamed
peritoneal cavity does not contain neutrophils, and resident peritoneal macrophages do
not express csCSF-1 (Fig. 5E). At 4 hrs post thioglycollate injection, a majority of
resident macrophages exit the cavity and newly infiltrated neutrophils are the
predominate cells. These newly infiltrated neutrophils also do not express detectable
csCSF-1. At 12 hrs post thioglycollate injection, there are significant numbers of
infiltrated neutrophils and macrophages (Fig. 4A), and the csCSF-1 expression reaches
its peak (Fig. 5E). By 24 hrs, macrophage and neutrophil csCSF-1 is reduced to 10%
and 18% of 12 hrs levels, respectively, and is only barely detectable in neutrophils by 48
hrs (Fig. 5E). Thus, soluble CSF-1 shed from csCSF-1 by ADAM17 is restricted to early
stages of acute inflammation by transient csCSF-1 expression and release, which is in
direct accordance with the transient macrophage proliferation detected in this acute

model of inflammation (Fig. 1C).

ADAM17-mediated release of CSF-1 from neutrophils is partly responsible for
inflammatory macrophage proliferation

To evaluate the contribution of neutrophil-released sCSF-1, partial depletion of
neutrophils was achieved by systemic injection of a neutrophil neutralization antibody

against Ly6G (40,41). A 62.5% depletion of neutrophils by the Ly6G antibody injection,
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as compared with a control IgG (Fig. 6A), is sufficient to decrease peritoneal sSCSF-1
levels by 44% at 12 hrs post thioglycollate injection (Fig. 6B). Furthermore, the
reduction in SCSF-1 is accompanied by a 20% decrease in macrophage proliferation at
40 hrs (Fig. 6C). Thus, our data suggest that ADAM17 in neutrophils is responsible for
a significant component of the macrophage proliferation during acute inflammation, with

the remaining part most likely contributed by ADAM17 in macrophages.

iRhom2 is required for the ADAM17-mediated CSF-1 cleavage that promotes
macrophage proliferation

ADAML17 cleavage of certain substrates is dependent upon iRhom2 (33-38). To
determine if iRhom2 is required for shedding of csCSF-1 from neutrophils, we first
evaluated iRhom2 expression in neutrophil populations. We found that iRhom2 is
barely detectable in bone marrow neutrophils, but it is elevated significantly once
neutrophils traffic into the inflammatory peritoneal cavity, especially at 12 and 24 hrs
after thioglycollate (Fig. 7A-B). Concurrently, total CSF-1 protein in peritoneal
neutrophil lysates is elevated post thioglycollate injection compared to the unchallenged
bone marrow neutrophil lysate assayed by ELISA (Fig. 7C). To test the function of
iRhom2 in vivo in the same system, we generated iRhom2 null and control wildtype
hematopoietic chimeras to analyze the thioglycollate induced peritonitis model. Despite
comparable recruitment of neutrophils into the cavity of wildtype and iRhom2-null
chimeras (Fig. 7D), both peritoneal TNF-a. and sCSF-1 levels (Fig. 7E-F), and
macrophage proliferation (Fig. 7G), are significantly reduced in iRhom2-/- chimeras,

recapitulating the defects seen in ADAM17 null hematopoietic chimeras. It has been
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shown that peritoneal TNF-a level peaks at 4 hrs post thioglycollate injection and
quickly returns to the baseline at 8 hrs (71), we therefore tested the soluble TNF-a in
the cavity at 4 hrs in iRhom2 chimeras (Fig. 7E). Since soluble CSF-1 is detectable at 4
hrs and peaks at 12 hrs post thioglycollate injection (Fig. 2A), we thus tested 4 hrs (Fig.
7F) and 12 hrs (not shown) post thioglycollate injection in iRhom2 chimeras, the results
recapitulate ADAM17 chimeras. Furthermore, deletion of hematopoietic iRhom2
prevents cell surface expression of neutrophil and macrophage ADAM17 (Fig. 8A-B),
confirming iRhom2’s critical role in regulating ADAM17 function in shedding csCSF-1 in
this model. Thus, our data indicate that iRhom2 is required for ADAM17-mediated
release of sSCSF-1 from neutrophils and macrophages, and this release in turn is

required for macrophage proliferation.

ADAML17 is required for macrophage proliferation in lesions of atherosclerosis

To investigate the role of ADAM17 in macrophage proliferation in a chronic
inflammation model, we used the LDLR-deficient mice that were fed on a high fat diet.
This model is known to develop atherosclerosis with the dietary interference and the
lesion macrophages are shown to proliferate (1,2,5). To evaluate the effect of ADAM17
deletion in the atherosclerotic lesion macrophage proliferation, lethally irradiated LDLR-
/- mice were repopulated with either wildtype or ADAM17-/- bone marrow cells to
generate hematopoietic chimeras. The LDLR-/- hematopoietic mice were fed a high-fat
high cholesterol diet for 16 weeks to induce atherosclerotic lesion formation as reported
(5). Serum cholesterol levels did not differ between wildtype and Adam17-null chimeras

at the end of the experiment (Table 1). To analyze macrophages and neutrophils in the
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artery wall by flow cytometry, the entire mouse aortic tree from the root to the iliac
bifurcation was used to generate single cell preparation (62). Macrophages and
neutrophils were counted in aortic cell preparations analyzed by flow cytometry. A
schematic gating strategy is shown in Figure 9A. We observed no difference in arterial
neutrophil numbers between wildtype and ADAM17 null chimeric mice (Fig. 9B). In
contrast, macrophage numbers were decreased by 35% in ADAM17 null hematopoietic
chimeras (Fig. 9C). Furthermore, using Vybrant DyeCycle Violet staining, we detected
a 33% decrease in lesion macrophage proliferation in ADAM17 null hematopoietic
chimeras (Fig. 9D). Our data therefore indicate ADAM17 is an important regulator also
in a chronic inflammatory condition such as atherosclerosis, likely through regulating
macrophage proliferation. Due to the continued influx of inflammatory neutrophils and
macrophages during atherogenesis, we postulate ADAM17 mediated cleavage of
csCSF-1 is persistent rather than transient as in the acute peritonitis model (Fig. 10).

Together, our data demonstrate that ADAM17 mediated release of CSF-1 from
inflammatory neutrophils and macrophages drives macrophage proliferation in states of
acute and chronic inflammation, and that this regulatory function of ADAM17 is

dependent on iRhom2.
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DISCUSSION

Using the thioglycollate-induced acute peritonitis and the high fat diet-induced
chronic atherosclerosis models, we have identified significant defects in macrophage
proliferation in mice lacking leukocyte ADAM17. We demonstrate that both neutrophils
and macrophages are major sources of csCSF-1 during acute inflammation, and
furthermore, shedding of csCSF-1 by ADAM17 following neutrophil extravasation is
associated with elevated expression of iRhom2, a member of the rhomboid-like
superfamily, which promotes ADAM17 maturation and trafficking to the neutrophil
surface. Accordingly, deletion of hematopoietic iRhomz2 is sufficient to prevent csCSF-1
release from neutrophils and macrophages and recapitulates the macrophage
proliferation defect seen in ADAM17 deficiency. In acute inflammation, csCSF-1
release and macrophage proliferation are self-limiting due to transient leukocyte
recruitment and temporally restricted csCSF-1 expression. In chronic inflammation
such as atherosclerosis, the ADAM17-mediated lesional macrophage proliferative
response is prolonged. The results of this study reveal a novel mechanism whereby
ADAM17 promotes macrophage proliferation in states of inflammation, through the
shedding of csCSF-1 from neutrophils and macrophages.

Although ADAML17 has been previously reported to play important roles in multiple
stages of inflammation, the finding that ADAM17 promotes macrophage proliferation via
its cleavage of cell surface CSF-1 expressed on neutrophils and macrophages in
inflammation is novel and somewhat unexpected. While the major sources of functional

CSF-1 protein in steady state are believed to be stromal, epithelial and endothelial cells
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(11), other sources appear to be involved in inflammation. Csfl RNA has been
detected in neutrophils from mouse bone marrow, blood, arthritis synovial fluid, and in
the peritoneal cavity of thioglycollate- and uric acid-induced peritonitis (50) and in
activated monocytes (70). A recent study in a mouse UV-induced skin injury model
demonstrated that while Langerhans cells (a myeloid cell) require the other CSF-1R
ligand, IL-34, to continually self-renew under steady state, these cells require CSF-1 to
regenerate during damage repair (51). In this UV-induced skin injury model, neutrophils
are the major cells to infiltrate the injured skin, and Csf1 mRNA peaked with neutrophil
infiltration. Depleting neutrophils by antibody injection significantly decreased Csfl
MRNA and dampened Langerhans cell regeneration, indicating a strong correlation
between neutrophil-derived CSF-1 and Langerhans cell regeneration during skin
inflammation. Our study shows that while resting bone marrow neutrophils and resident
macrophages do not express appreciable amount of CSF-1 protein, inflammatory
neutrophils, as well as macrophages, express CSF-1 protein on their surface and
intracellularly. These results are consistent with earlier studies indicating CSF-1 release
from atherosclerotic lesion macrophages in rabbits and humans (52,53). Our data
provide direct evidence that inflammatory neutrophils and macrophages are important
sources of functional CSF-1 during inflammation and that ADAM17-mediated cleavage
and release of CSF-1 is required for an optimal proliferative response.

The thioglycollate-induced acute peritonitis model has helped dissecting
mechanisms of multiple key steps during acute inflammation, from the initiation of
neutrophil infiltration, followed by monocyte influx, to neutrophil apoptosis and

efferocytosis by macrophages, to the clearance of inflammatory macrophages which
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ultimately leads to the resolution of inflammation (24,54-56). During the resolution
stage, typically beyond 72 hrs post thioglycollate injection, inflammatory macrophage
numbers are reduced through a combination of apoptosis and migration to draining
lymph nodes (54,55). Because CSF-1 promotes not only macrophage proliferation, but
also survival (12), we analyzed apoptosis in macrophages. Our data demonstrate that
apoptotic macrophages are rare (around 2% of total peritoneal macrophages) at 40 hrs
post thioglycollate injection, and are not affected by CSF-1 injection. Furthermore,
soluble CSF-1 levels are low after 48 hrs, suggesting that ADAM17-mediated shedding
of csCSF-1 does not play a major role at this time point in preventing macrophage
apoptosis in the thioglycollate-induced peritonitis model.

ADAML17 activity is dependent on a class of polytopic proteins, the iRhoms, which
are non-catalytic relatives of rhomboid intramembrane proteases (33). It has been
reported that iRhom2 binds to ADAM17 and promotes its exit from the ER. In the
absence of iRhom2, ADAM17 fails to mature and traffic to the cell surface (33), and is
thus unable to cleave its substrates on the same cell. Studies in mouse embryonic
fibroblasts support a role for iRhomz2 in the rapid activation of ADAM17 shedding of
some but not all of its substrates (37,38). We demonstrate here that ADAM17-mediated
CSF-1 cleavage from inflammatory neutrophils and macrophages is iRhom2 dependent.
We show that iRhom2-null hematopoietic chimeras display similar phenotypes as
ADAM17 null chimeras in that both soluble TNF-a and CSF-1 levels are greatly reduced
as is inflammatory macrophage proliferation. This was accompanied by non-detectable
cell-surface ADAM17 in the absence of iRhom2. We also show the concurrent increase

of both iRhom2 and ADAM17 protein during inflammation in wildtype mice. Thus,
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csCSF-1 is one of the ADAM17 substrates that requires iRhom2 for its release from
inflammatory neutrophils and macrophages and subsequently regulates macrophage
proliferation. We propose that the orchestrated activation of ADAM17 by iRhom2 and
the resulting csCSF-1 shedding could generate a synchronous wave of soluble CSF-1
in the inflamed peritoneal cavity that promotes macrophage proliferation.

The multitude of ADAM17 substrates that exert important roles in inflammation has
made ADAM17 an attractive candidate for studies of inflammatory diseases, including
atherosclerosis, adipose tissue metabolism, insulin resistance and diabetes (57,58).
Since its initial detection within atherosclerotic lesions in mice (57) and in humans (59),
ADAM17 expression has been modulated to investigate its role in atherogenesis under
a variety of circumstances. Recently, a study by van der Vorst et al. (60) presented two
contrasting effects of ADAM17 on atherogenesis. When ADAM17 was deleted from
myeloid cells, there was a significant decrease in lesion macrophage area; when
ADAM17 was deleted from endothelial cells, however, no such effect was detected (60).
In agreement with their finding, we have observed decreased lesion macrophage
number and proliferation in LDLR-deficient mice with ADAM17 deletion in all
hematopoietic cells and we provide mechanisms underlying this process. Furthermore,
our data indicate cell type specific functions of ADAM17 that provide a critical reference
for comparison with other studies involving the manipulation of ADAM17 levels in
different cell types. Another study using ADAM17 hypomorphic LDLR-deficient mice
that expresses residual ADAM17 in all tissues demonstrated a 1.5-fold increase in total
lesion area, with a concurrent increase in macrophages and vascular smooth muscle

cells, and a constitutive activation of TNF receptor 2 signaling (61), indicating the
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complex nature of ADAM17 regulation in a specific circumstance. Since there are a
large number of potential substrates, ADAM17 may regulate inflammatory responses
via different substrate pathways that are unique to the specific conditions.

Overall, we conclude that although there are multiple soluble forms of CSF-1,
shedding of cell-surface CSF-1 by iRhom2 dependent ADAM17 cleavage is required for
local macrophage proliferation in vivo. The realization that ADAM17 has cell type-
specific functions, substrates, and modes of regulation could help develop therapeutic
modulators that more precisely target ADAM17 activity in different states and phases of

inflammation.

21



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

MATERIALS AND METHODS

Animals. Adam17 hematopoietic chimeras. Adam1728%28x5 (Adam17 -/-) or WT
hematopoietic chimeras were generated as previously described (24). All animals used
for studies were second generation hematopoietic chimeras on the C57BL/6J
background (Jackson Laboratory #000664) or second generation chimeras in Ldlr-/-
mice (C57BL/6J background; Jackson Laboratory #002207). Fetal livers were prepared
from Adam1745¥%2Ex5 and WT mice to repopulate the first generation chimeras. Ldlr-/-
chimeras were placed on a high-fat diet (20% fat and 1.25% cholesterol; Research
Diets Inc. #D12108Ci) for 16 wks starting 4 wks after transplant to induce
atherosclerosis.

ADAM17 mixed hematopoietic chimeras. Bone marrow cells from Ly5.1-
expressing C57BL/6J (B6.SJL-Ptprc? Pepc®/BoyJ, Jackson Laboratory stock #002014)
and Adam17-/- cells (Ly5.2) were mixed 1:1 to repopulate lethally irradiated C57BL/6J
recipients.

iRhom2 hematopoietic chimeras. Bone marrow cells from WT or iRhom2” mice
on the C57BL/6 background were used to repopulate C57BL/6 recipients. iRhom2™
mice were generated as described (33). All experiments involving iRhom2” animals
were undertaken with the approval of the UK Home Office under the project license PPL
80/2584.

CSF-1 hematopoietic chimeras. CSF-1-/- and the wildtype littermate controls were
generated by heterozygous mating of B6;C3Fe a/a-Csfl<op>/J (Jackson Laboratory,

#000231). Bone marrow cells of wildtype and CSF-1-/- were used to repopulate lethally
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irradiated C57BL/6J recipients.

Experimental procedures. All mice used were male. Sample size of n>5 was
based on preliminary data and power calculations using GraphPad Instat 3 (a=0.05 and
3=0.05) to give us adequate power to detect a 20% difference. Similar power
calculations were made for lesion cell isolation based on recently published data (5).
Pre-established animal exclusion (~4% for all experiments shown) only eliminated mice
if there were problems with withdrawal of peritoneal fluid (e.qg. if the peritoneal fluid was
bloody, the Gl tract was inadvertently punctured, or if there was no leukocyte infiltration
implying problems with thioglycollate injection). All protocols were approved by the

University of Washington Institutional Animal Care and Use Committee.

Sterile peritonitis model. Thioglycollate-induced peritonitis was initiated by intra-
peritoneal injection of 1 ml of 4% sterile thioglycollate (BD Diagnostic #221398).
Peritoneal leukocytes were collected at different time points after administration of
thioglycollate by injection and removal of 3 ml PBS/5mM EDTA, and the lavage fluid

was saved following centrifugation to pellet the cells.

Determination of cell proliferation and apoptosis. Proliferating cells were
determined using 2 approaches: BrdU incorporation and Vybrant DyeCycle Violet stain.
To determine the time course of BrdU incorporation in the sterile peritonitis model, BrdU
(1 mg IP, BD PharMingen Brdu flow kit #559619) was injected into the peritoneal cavity
1 hr before harvest and cells were collected as described above, and stained with anti-

BrdU antibody (APC- or FITC-labeled) according to BD instructions. For some

23



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

experiments, Vybrant DyeCycle Violet stain (ThermoFisher, V35003) was used
according to manufacturer’s instructions. Vybrant DyeCycle Violet is a cell permeable
dye added after cell isolation. This dye allows DNA profiling in live cells, thus
overcoming a major disadvantage of BrdU, which requires use of strong denaturing
reagents to expose the BrdU epitope leading to altered cell profiles with flow cytometry.
Peritoneal neutrophil and macrophage apoptosis was evaluated with Annexin V-FITC

apoptosis detection kit (Calbiochem).

Injection of TNF-a or CSF-1 to evaluate their roles in the proliferative defect of
ADAM17 null hematopoietic chimeras. To investigate whether TNF-o. or CSF-1 were
able to rescue the decrease in ADAM17-null macrophage proliferation in the
thioglycollate model, injections of PBS or TNF-a (1 ng or 500 ng/cavity), or PBS or CSF-
1 (10 ng/cavity) were given 4 hrs or 8 hrs after thioglycollate, respectively. Cells were
collected and analyzed as described above. Intraperitoneal injection of CSF-1 at this

dose should not affect serum CSF-1 level based on our previous study (64).

Partial neutrophil depletion. To evaluate the effect of partial neutrophil depletion,
mice were injected via the retro-orbital plexus with either rat anti-mouse neutrophil Ly6G
(150 ng/mouse; 1A8, BioXCell) or control rat IgG (150 ug/mouse; 2A3, BioXCell) 8 hrs
prior to thioglycollate injection. Peritoneal cells and fluid were collected as described
above at 12 hrs after thioglycollate injection to determine the extent of neutrophil
depletion by flow cytometry and sCSF-1 levels by ELISA. Neutrophil depletion was

assessed by gating on Ly6B+/F4/80- cells. This gating detects a similar population
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identified using the more standard Ly6G+/Ly6B+ population, but Ly6G cannot be used

to detect neutrophils following 1A8 treatment since 1A8 blocks the epitope.

Mouse cell isolation. Leukocyte isolation from bone marrow and peritoneum for
analysis of cell lysates: Bone marrow cells were flushed from femurs and tibias with
PBS and 0.2% BSA, dispersed with a 25 G needle, and passed through a 70 um filter to
ensure a single cell suspension. Peritoneal cells were collected from naive mice or at
different times after thioglycollate injection for flow analysis. Neutrophil lysates were
generated with purified neutrophils by rapid negative selection system (Stemcell
Technologies, Inc.) according to the manufacturer’s instructions.

Atherosclerotic lesion cell isolation. Cells were isolated from lesions as
previously described by digesting the entire aorta (from the root to the iliac bifurcation)
following perfusion with PBS (62). The cleaned aortic tree was cut into 1-2 mm pieces
of tubes and incubated with enzyme cocktail with 450 U/ml type | collagenase
(Worthington, Bio #4197), 125 U/ml type Xl collagenase (Sigma, C7657), 60 U/ml
hyaluronidase (Sigma, H3506), 60 U/ml DNase (Sigma, D-4527) for 1 hr at 37°C.
Digested aortic tissue was passed through a 70 uM cell strainer to collect cells. Lesion

cells were analyzed by flow cytometry.

Flow cytometry. Antibodies used for flow cytometry are shown in Table 2. All flow
analyses utilized directly conjugated antibodies, and nonspecific binding was blocked
with anti-CD16/32 (BD Pharmingen). Mouse CSF-1 staining was detected using

affinity-purified goat anti-mouse CSF-1 and control IgG that were directly labeled with
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PE LightningLink (Novus Biologicals), according to the manufacturer’s directions. FACS
buffer for staining was PBS with 0.2% BSA. For analysis of csCSF-1 staining, cells
were either fixed on ice with 1% paraformaldehyde for 20 minutes to evaluate cell
surface levels, or fixed and permeablized with Cytofix/Cytoperm (BD Sciences) for 20
min on ice to assess total levels of CSF-1. Samples were analyzed using either a BD
FACScan or LSRII, as noted. For most lesion cell analyses, the final cell suspension
included addition of Sphero AccuCount ultra rainbow fluorescent particles (3.8 um,
Spherotech, ACURFP-38-5) to facilitate determination of absolute cell number. Lesion
macrophage proliferation was determined by Vybrant DyeCycle Violet staining
(ThermoFisher, V35003). Flow data were analyzed using FlowJo 7.5 software

(TreeStar).

ELISA for CSF-1. To detect soluble CSF-1 level in mouse peritoneal fluid, the DY416
kit with both antibodies recognizing the extracellular domain of CSF-1 was purchased
from R&D systems. Ninety six-well plates (Nunc-Immuno 446612) were coated
overnight at room temperature (RT) with 100 pl/well of 4 pg/ml anti-CSF-1 capture
antibody (MAB416, R&D Systems) in PBS. Wells were blocked with 220ul of 1% BSA in
PBS at RT. CSF-1 was detected using 0.1 ug/ml biotinylated antibody (BAF416, R&D
Systems). Following addition of streptavidin-HRP and developing reagent
(tetramethylbenzidine, DY999, R&D Systems), absorbance was measured using a
SpectraMax 2Me spectrophotometer. Peritoneal fluid collected in 3 ml was evaluated
without dilution. Mouse serum CSF-1 levels were measured using the Quantikine

ELISA kit (R&D, MMCO00) according to the manufacturer’s instructions.
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Western blot characterization of neutrophil lysates. Neutrophils from different
sources and time points were isolated by negative selection, macrophages were
isolated by adhesion on tissue culture plates for 2 hrs, and 15 x 108 cells were lysed in
200 pl of NP-40 lysis buffer (150 mM NaCl, 10 mM EDTA, 10 mM Tris, pH 8.0, 1% NP-
40 containing protease inhibitors at a final concentration of 10 pug/ml aprotinin, 10 pg/ml
leupeptin, 10 pg/ml pepstatin A, 1 mM PMSF). All samples were run on 7.5% SDS gels
under reducing conditions loading 20 ug of protein/lane as determined by the BCA
assay. Antibodies used for Western analysis are listed in Table 1. Blots were

developed using ECLplus (Life Technologies).

Cell surface biotinylation to monitor ADAM17 surface expression. Peritoneal
neutrophils and macrophages were purified as described above, and cell surface
biotinylation of suspended neutrophils and adherent macrophages utilized the Cell
Surface Isolation Kit (Pierce). Following labeling, cells were lysed with NP-40 lysis
buffer as described above plus 50 uM GM6001 protease inhibitor to prevent ADAM17
autoproteolysis (63). Lysates were added to NeutrAvidin agarose and incubated end-
over-end for 2 hrs. Following 4 washes with lysis buffer supplemented with 300 mM
NacCl, the biotinylated proteins were eluted using PNGaseF denaturation buffer with
boiling. Samples were treated with 500 units of PNGase F (New England BioLabs) and
incubated for 1 hr at 37°C, followed by SDS gel separation and Western blot analysis of
ADAML17. The same samples were evaluated for total levels of pro-ADAM17 in lysates

without PNGase F treatment or NeutrAvidin capture.
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Statistics. Values are expressed as mean + standard error of the mean (SEM). Data
were evaluated using unpaired two-tailed Student’s t-test with InStat 3 (GraphPad
Software) or with one way and two way ANOVA. Normal distribution was verified. An
estimate of variation within each group and similarity of variance between the groups
were established for group comparison. If a sample population did not follow Gaussian
distribution, nonparametric Mann-Whitney test was utilized as indicated in the figure

legends. Significance was concluded when p <0.05.
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FIGURE LEGENDS

FIG 1. Hematopoietic deletion of ADAM17 caused a decrease in macrophage
accumulation and a decrease in transient macrophage proliferation in
thioglycollate induced acute peritonitis. (A) Number of peritoneal macrophages from
Adam17+/+ or Adam17-/- hematopoietic chimeras collected 48 hrs after injection of
thioglycollate. (B) Peritoneal macrophages with or without administration of BrdU 1 hr
before harvest were evaluated for BrdU incorporation and surface expression of
different markers. Gating scheme to eliminate neutrophils and eosinophils is shown.
Macrophages that are positive and negative for BrdU are further evaluated by surface
markers F4/80, CD11b, CD115, and Ly6C. (C) Time course of macrophage
proliferation (BrdU incorporation) in elicited peritoneal macrophages. Shown are the
percentage of S phase macrophages. N=8 for 24 hrs; n=9 for 40 hrs; n=10 for 48 hrs;
n=5 for 64 & 72 hrs. (D) Percentage of macrophages from wildtype (Adam17+/+) and
Adam17-/- chimeras in S and G2/M phases at 40 hrs after thioglycollate. * p<0.01
versus wildtype controls. (E) Percentage of S phase macrophages in 50/50 mixed

hematopoietic chimeras done as in (D).

FIG 2. Transient macrophage proliferation is dependent on ADAM17-mediated
generation of soluble CSF-1 in acute inflammation. (A) Soluble CSF-1 in peritoneal
fluid from wildtype (Adam17+/+) and Adam17-/- hematopoietic chimeras by ELISA.
n=11, n=12, n=6, and n=5 for Adam17+/+ chimeras and n=9, n=5, n=5, and n=5 for

Adam17-/-, evaluated at 4, 12, 24, and 48 hrs. * p <0.01, ** p =0.0012, *** p <0.0001
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Adam17+/+ versus Adam17-/-. (B-D) Effects of extraneous CSF-1 (10 ng/cavity, 8 hrs
post thioglycollate, i.p.) on Adam17+/+ and Adam17-/- hematopoietic chimeras. (B)
Macrophage number (48 hrs), n=6. ** p=0.0015 versus Adam17+/+. (C) Percentage of

cellsin S phase (48 hrs). (D) Number of apoptotic cells (annexin-V/PI at 40 hrs).

FIG 3. Circulating CSF-1 levels are unchanged and another ADAM17 substrate,
TNF-a, is not involved in regulating macrophage proliferation. (A) Cell surface
CD115 expression on F4/80+ peritoneal macrophages was determined by flow
cytometry at different times post thioglycollate injection. N=5 per group. * p<0.05, **
p<0.01, ** p<0.001 versus Adam17+/+ at the same time point. Representative of 3
experiments. (B) Concentration of SCSF-1 in mouse serum at 0 and 12 hrs post
thioglycollate injection, determined by ELISA. N=5 per group. (C) Peritoneal fluid was
collected 4 hrs after thioglycollate injection from Adam17+/+ and Adam17-/-
hematopoietic chimeras, and TNF-a levels were determined by ELISA. (D) Adam17+/+
and Adam17-/- hematopoietic chimeras received either PBS or TNF- a. (1 ng/cavity) 4
hrs after thioglycollate injection, and peritoneal cells were collected at 48 hrs and

analyzed by flow cytometry. *p<0.05 versus Adam17+/+.

FIG 4. Neutrophils and macrophages are major sources of csCSF-1 in acute
inflammation. (A) Types of peritoneal cells in wildtype mice collected 12 hrs after
thioglycolate injection. Representative of 5 experiments. (B) Specificity of the CSF-1
antibody used in flow cytometry is verified by staining of CSF-1 null neutrophils and

macrophages. (C) Levels of csCSF-1 on peritoneal cells from wildtype mice 12 hrs after
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888  thioglycollate (goat IgG = open bars to left for each cell type). The ratio of mean

889  fluorescence intensity (MFI) csCSF-1/IgG is shown above each cell type; n=5 and the
890 experiment was repeated 3 times.

891

892 FIG 5. Expression of CSF-1 in inflammatory neutrophils and macrophages is
893 transient in the acute peritonitis model. (A-B) Representative histograms for total
894 CSF-1 and control IgG staining in permeabilized peritoneal cells from wildtype mice 12
895  hrs after thioglycollate injection for (A) neutrophils and (B) macrophages. Anti-CSF-
896  1/control IgG MFlI ratio is 10.2 for neutrophils and 5.3 for macrophages. (C-D) Surface
897  versus total CSF-1 in peritoneal cells. An overlay of a representative histogram of

898 surface csCSF-1 (fixed cells) and total CSF-1 (permeabilized cells) is shown for

899 peritoneal cells 12 hrs after thioglycollate injection. (C) neutrophils and (D)

900 macrophages. (E) The kinetics of csCSF-1 expression on peritoneal neutrophils and
9017 macrophages from wildtype mice. Shown is the ratio of anti-CSF-1/control IgG MFI, with
902 aratio of 1.0 representing no detectable expression (dotted line). *p <0.05; **p<0.01
903 compared to t=0 for macrophages and t=4 for neutrophils. Data presented are based
904 on n=5, repeated in 3 different experiments.

905

906 FIG 6. Neutrophil ADAM17 is responsible for the generation of soluble CSF-1 and
907 theregulation of macrophage proliferation. (A-C) Deletion of neutrophils by anti-
908 Ly6G antibody injection in wildtype mice, 150 pg/mouse, retro-orbital administration 8
909 hrs prior to thioglycollate injection. (A) Number of peritoneal neutrophils (12 hrs after

910 thioglycollate, 7/4 Ly6B antibody, flow analysis). (B) Soluble CSF-1 levels in peritoneal

44



911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

fluid (PLF) (pg/cavity, ELISA). (C) Peritoneal macrophage proliferation (% of cells in

S/IG2/M, 40 hrs after thioglycollate injection, Vybrant DyeCycle Violet stain).

FIG 7. Absence of iRhom2 restrains ADAM17-mediated release of csCSF-1, and
diminishes inflammatory macrophage proliferation. (A) Representative Western blot
of iRhom2 and ADAM17 (20 ng protein/lane) from neutrophils purified from bone
marrow (BM) and the peritoneum. (B) Quantification of protein levels from (A)
normalized to 24 hrs levels (n=3). (C) CSF-1 levels (ELISA) in neutrophil lysates from
the indicated tissues (pg/10° cells). (D) Numbers of peritoneal neutrophils and
macrophages from iRhpm2+/+ and iRhom2-/- hematopoietic chimeras (12 hrs post
thioglycollate); n=5. (E-F) TNF-a and CSF-1 levels in peritoneal fluid from iRhom2+/+
and iRhom2-/- chimeras (ELISA); n=5. (G) Peritoneal macrophage proliferation (BrdU

incorporation) in iRhom2+/+ and iRhom2-/- chimeras (40 hrs post thioglycollate).

FIG 8. iRhom2 is required for ADAM17 maturation and transit to the cell surface
in neutrophils and macrophages. Total levels of pro-ADAM17 were evaluated in
lysates without PNGaseF treatment. To detect active cell surface ADAM17, peritoneal
cells from iRhom2+/+ or iRhom2-/- chimeras were surface biotinylated followed by
purification of biotinylated proteins on NeutrAvidin and PNGase F treatment. Note active
ADAML17 is absent in iRhom2-/- hematopoietic chimeras. Analysis of lysates and
surface biotinylation by Western analysis is shown for: (A) peritoneal neutrophils 12 hrs

after thioglycollate; and (B) peritoneal macrophages 96 hrs after thioglycollate.
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Peritoneal neutrophil lysates and surface biotinylation are shown as separate panels

because of different exposure times (3 and 10 min, respectively).

FIG 9. ADAM17 promotes atherosclerotic lesion macrophage proliferation and
accumulation. (A-D) Adam17+/+ and Adam17-/- hematopoietic chimeras on the LdlIr"
background were fed a high-fat diet for 16 wks starting at 4 wks post bone marrow
transplant. Cells were isolated from pooled digested aortas from 2 mice to create each
sample point. Gating scheme is shown in (A). Aortic cells were gated on CD45+ cells
first, macrophages are defined as CD11b+ Mac-3+ cells while neutrophils were defined
as CD11b+ Ly6G+ cells. Lesion macrophages in S/G2M phase of cell cycle are
detected by Vybrant DyeCycle Violet stain. (B) Neutrophil number, with fluorescent
calibration beads added as an internal control to determine absolute cell number. (C)
Macrophage number, determined as in (B). (D) Percentage of Mac-3* macrophages in
S/G2/M phases of the cell cycle (Vybrant DyeCycle Violet stain) from Adam17+/+ and

Adam17-/- LDLR-/- hematopoietic chimeras.

FIG 10. Diagram of regulatory mechanisms. Proposed regulatory mechanisms by

ADAM17-mediated release of csCSF-1 from neutrophils and macrophages during acute

inflammation and with chronic hypercholesterolemia leading to atherosclerosis.
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FIG 1. Hematopoietic deletion of ADAM17 caused a decrease in macrophage
accumulation and a decrease in transient macrophage proliferation in
thioglycollate induced acute peritonitis. (A) Number of peritoneal macrophages from
Adam17+/+ or Adam17-/- hematopoietic chimeras collected 48 hrs after injection of
thioglycollate. (B) Peritoneal macrophages with or without administration of BrdU 1 hr
before harvest were evaluated for BrdU incorporation and surface expression of
different markers. Gating scheme to eliminate neutrophils and eosinophils is shown.
Macrophages that are positive and negative for BrdU are further evaluated by surface
markers F4/80, CD11b, CD 115, and Ly6C. (C) Time course of macrophage
proliferation (BrdU incorporation) in elicited peritoneal macrophages. Shown are the
percentage of S phase macrophages. N=8 for 24 hrs; n=9 for 40 hrs; n=10 for 48 hrs;
n=>5for 64 & 72 hrs. (D) Percentage of macrophages from wildtype (Adam17+/+) and
Adam17-/- chimeras in S and G2/M phases at 40 hrs after thioglycollate. * p<0.01
versus wildtype controls. (E) Percentage of S phase macrophages in 50/50 mixed
hematopoietic chimeras done as in (D).
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FIG 2. Transient macrophage proliferation is dependent on ADAM17-mediated
generation of soluble CSF-1 in acute inflammation. (A) Soluble CSF-1 in peritoneal
fluid from wildtype (Adam17+/+) and Adam17-/- hematopoietic chimeras by ELISA.
n=11, n=12, n=6, and n=5 for Adam17+/+ chimeras and n=9, n=5, n=5, and n=5 for
Adaml17-/~, evaluated at 4, 12, 24, and 48 hrs. *p <0.01, **p =0.0012, *** p <0.0001
Adam17+/+ versus Adaml7-/-. (B-D) Effects of extraneous CSF-1 (10 ng/cavity, 8 hrs
post thioglycollate, i.p.) on Adam17+/+ and Adam17-/- hematopoietic chimeras. (B)
Macrophage number (48 hrs), n=6. ** p=0.0015 versus Adam17+/+. (C) Percentage of
cells in S phase (48 hrs). (D) Number of apopftotic cells (annexin-V/PI at 40 hrs).
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FIG 3. Circulating CSF-1 levels are unchanged and another ADAM17 substrate,
TNF-«, is not involved in regulating macrophage proliferation. (A) Cell surface
CD115 e xpression on F4/80+ peritoneal macrophages was determined by flow
cytometry at different times post thioglycollate injection. N=5 per group. * p<0.05, **
p<0.01, *** p<0.001 versus Adam17+/+ at the same time point. Representative of 3
experiments. (B) Concentration of SCSF-1 in mouse serum at 0 and 12 hrs post
thioglycollate injection, determined by ELISA. N=5 per group. (C) Peritoneal fluid was
collected 4 hrs after thioglycollate injection from Adam17+/+ and Adam17-/-
hematopoietic chimeras, and TNF- levels were determined by ELISA. (D) Adam17+/+
and Adam17-/- hematopoietic chimeras received either PBS or TNF- (1 ng/cavity) 4
hrs after thioglycollate injection, and peritoneal cells were collected at 48 hrs and
analyzed by flow cytometry. *p<0.05 versus Adam17+/+.
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FIG 4. Neutrophils and macrophages are major sources of csCSF-1 in acute
inflammation. (A) Type s of peritoneal cells in wildtype mice collected 12 hrs after
thioglycolate injection. Representative of 5 experiments. (B) Specificity of the CSF-1
antibody used in flow cytometry is verified by staining of CSF-1 null neutrophils and
macrophages. (C) Levels of csCSF-1 on peritoneal cells from wildtype mice 12 hrs after
thioglycollate (goat IgG = open bars to left for each cell type). The ratio of mean
fluorescence intensity (MFl) csCSF-1/IgG is shown above each cell type; n=5 and the
experiment was repeated 3 times.
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FIG 5. Expression of CSF-1 in inflammatory neutrophils and macrophages is
transient in the acute peritonitis model. (A-B) Representative histograms for total
CSF-1 and control IgG staining in permeabilized peritoneal cells from wildtype mice 12
hrs after thioglycollate injection for (A) neutrophils and (B) macrophages. Anti-CSF-
1/control IgG MF ratio is 10.2 for neutrophils and 5.3 for macrophages. (C-D) Surface
versus total CSF-1 in peritoneal cells. An overlay of a representative histogram of
surface csCSF-1 (fixed cells) and total CSF-1 (permeabilized cells) is shown for
peritoneal cells 12 hrs after thioglycollate injection. (C) neutrophils and (D)
macrophages. (E) The kinetics of csCSF-1 expression on peritoneal neutrophils and
macrophages from wildtype mice. Shown is the ratio of anti-CSF-1/control IgG MFI, with
a ratio of 1.0 representing no detectable expression (dotted line). *p <0.05; **p<0.01
compared to t=0 for macrophages and t=4 for neutrophils. Data presented are based
on n=5, repeated in 3 different experiments.
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FIG 6. Neutrophil ADAM17 is responsible for the generation of soluble CSF-1 and
the regulation of macrophage proliferation. (A-C) Deletion of neutrophils by anti-
Ly6G antibody injection in wildtype mice, 150 ug/mouse, retro-orbital administration 8
hrs prior to thioglycollate injection. (A) Number of peritoneal neutrophils (12 hrs after
thioglycollate, 7/4 Ly6B antibody, flow analysis). (B) Soluble CSF-1 levels in peritoneal
fluid (PLF) (pg/cavity, ELISA). (C) Peritoneal macrophage proliferation (% of cells in
S/G2/M, 40 hrs after thioglycollate injection, Vybrant DyeCycle Violet stain).

Tang etal., FIG 6



A B C
neutrophil CSF~1
12 EADAMJJ J_
el
P 2 []irhom2 0
iRhom2 —— — ﬁ 101 //: T %
) ] S .
150kD— =
go08 é 30
ADAML7 — T L] .
®o6 i
100kD— 5 [ g .
@S D:O ,\’];(\ D:o 2 0.41 ] ] =] °
&5 v o8 3
ey peritoneal 802 ﬁ £t =
*Cp@ neutrophils i Ifé ] [~] g > ®
[0} (0]
bone 4hr 12hr  24hr bone 4hr _12hr
marrow peritoneal marrow  peritoneal
D 121r peritonea E  mea4n F cssv4n G Brdu 40h
— cellnumber eiFRW G/ e iFRIDEE/+ © o iFRI S+
] N iR o+ oiFRICER- oiFRICER- Q40| oirRma-
OiFRp - 1254 [ g
15{ T T > ¢ 50008 70 ® 0008 (%
; £ 30002
2 §100 . § ol 2 20| PO
X
7] 27 o 25 3 8
] < o 40 g 20
§ 50 30 [o} é
X 5 é @ 2
3 - 20 3 é 10 oo
10 &
o neutrophil macrophage oL—>58— o ° 0

FIG 7. Absence of iRhom2 restrains ADAM17-mediated release of csCSF-1, and
diminishes inflammatory macrophage proliferation. (A) Representative Western blot
of iRhom2 and ADAM17 (20 ug protein/lane) from neutrophils purified from bone
marrow (BM) and the peritoneum. (B) Quantification of protein levels from (A)
normalized to 24 hrs levels (n=3). (C) CSF-1 levels (ELISA) in neutrophil lysates from
the indicated tissues (pg/10° cells). (D) Numbers of peritoneal neutrophils and
macrophages from iRhpm2+/+ and iRhom2-/- hematopoietic chimeras (12 hrs post
thioglycollate); n=5. (E-F) TNF-« and CSF-1 levels in peritoneal fluid from iRhom2+/+
and iRhom2-/- chimeras (ELISA); n=5. (G) Peritoneal macrophage proliferation (BrdU
incorporation) in iRhom2+/+ and iRhom2-/- chimeras (40 hrs post thioglycollate).
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FIG 8. iRhom2 is required for ADAM17 maturation and transit to the cell surface
in neutrophils and macrophages. Total levels of pro-ADAM17 were evaluated in
lysates without PNGaseF treatment. To detect active cell surface ADAM17, peritoneal
cells from iRhom2+/+ or iRhom?2-/- chimeras were surface biotinylated followed by
purification of biotinylated proteins on NeutrAvidin and PNGase F treatment. Note active
ADAM17 is absent in iRhom2-/- hematopoietic chimeras. Analysis of lysates and
surface biotinylation by Western analysis is shown for: (A) peritoneal neutrophils 12 hrs
after thioglycollate; and (B) peritoneal macrophages 96 hrs after thioglycollate.
Peritoneal neutrophil lysates and surface biotinylation are shown as separate panels
because of different exposure times (3 and 10 min, respectively).
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FIG 9. ADAM17 promotes atherosclerotic lesion macrophage proliferation and
accumulation. (A-D) Adam17+/+ and Adam17-/- hematopoietic chimeras on the Ldir”
background were fed a high-fat diet for 16 wks starting at 4 wks post bone marrow
transplant. Cells were isolated from pooled digested aortas from 2 mice to create each
sample point. Gating scheme is shown in (A). Aortic cells were gated on CD45+ cells
first, macrophages are defined as CD11b+ Mac-3+ cells while neutrophils were defined
as CD11b+ Ly6G+ cells. Lesion macrophages in S/G2M phase of cell cycle are
detected by Viybrant DyeCycle Violet stain. (B) Neutrophil number, with fluorescent
calibration beads added as an internal control to determine absolute cell number. (C)
Macrophage number, determined as in (B). (D) Percentage of Mac-3* macrophages in
S/G2/M phases of the cell cycle (Vybrant DyeCycle Violet stain) from Adam17+/+ and
Adam17-/- LDLR-/- hematopoietic chimeras.
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FIG 10. Diagram of regulatory mechanisms. Proposed regulatory mechanisms by
ADAM17-mediated release of csCSF-1 from neutrophils and macrophages during acute
inflammation and with chronic hypercholesterolemia leading to atherosclerosis.

Tang et al., FIG 10

972
973

56



974
975
976
977
978
979
980
981
982
983
984
985
986
987

988

TABLE 1: Serum cholesterol levels in wildtype (WT) and ADAM17-null
hematopoietic chimeras in LDLR-deficient mice fed a high fat diet

chimera genotype n cholesterol (mg/dl) + SEM p-value experiment #
Ldlr" hematopoietic
ADAM17 chimeras

hematopoietic WT 4 520 £ 40 0.144 1
hematopoietic ADAM17 null 4 437 + 30

hematopoietic WT 8 416 = 25 0.864 2
hematopoietic ADAM17 null 8 411 + 16

hematopoietic WT 4 685 + 49 0.247 3
hematopoietic ADAM17 null 4 536 + 114
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TABLE 2: Antibodies used for flow cytometry and Western blot analysis

antigen label source number clone conc. (flow/5 x 10° cells)
Flow cytometry

ms B220 FITC Becton Dickinson 553087 RA3-6B2 0.5 ug
ms CD3 PE Becton Dickinson 555275 17A2 0.5 ug
ms CD4 FITC eBioscience 11-0041 GK1.5 0.5 ug
ms CD8a FITC Becton Dickinson 553030 53-6.7 0.5 ug
ms CD11b PECy7 eBioscience 25-0112 M1/70 0.5 ug
ms CD16/32 none Becton Dickinson 553142 2.4G2 0.5 ug
msCD19 FITC Becton Dickinson 557398 1D3 0.5 ug
msCD19 APC/Cy7BioLegend 115530 6D5 0.5 ug
ms CD45 APC  eBioscience 17-0451 30-F11 0.5 ug
ms CD45.1 FITC eBioscience 11-0453 A20 0.5 ug
ms CD45.2 PE eBioscience 12-0454 104 0.5 ug
ms CD115 PE eBioscience 12-1152 AFS98 0.5 ug
ms CSF-1 LightningLink-PE R & D Systems AF416 AP-goat I1gG 1 g
AP goat IgG LightningLink-PE R & D Systems AB-108-C AP-goat I1gG 1 g
ms F4/80 FITC AbD Serotec MCA497FB ClA3-1 0.5 ug
ms F4/80 PE eBioscience 12-1152 AFS98 0.5 ug
ms F4/80 PECy5 eBioscience 15-4801 BMS8 0.5 ug
ms Ly6G FITC Becton Dickinson 551460 1A8 0.5 ug
ms Ly6G APC-Cy7Becton Dickinson 560600 1A8 0.5 ug
ms Ly6B.2 (7/4)FITC  AbD Serotec MCA771FB 7/4 0.5 ug
ms Ly6C PerCP-Cy5.5 eBioscience  45-5932 HK1.4 0.5 ug
ms Mac-3 PE Becton Dickinson 553324 M3/84 0.5 ug
Mac-3 IgG control PE BD 554685 R3-34 0.5 ug
ms SiglecF PE Becton Dickinson 552126 E50-2440 0.5 ug
Western blot analysis

ADAM17 none Cell Sciences PX084A AP-rabbit 1 pg/ml
iRhom2 (Rhbdf2)none Abiocode R3142-1 AP-rabbit 1:3000

Key: AP, affinity purified
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