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CX3CR1-dependent endothelial margination modulates Ly6C™&"
monocyte systemic deployment upon inflammation in mice
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Two subsets of blood monocytes are commonly described in mice and humans: the
classical inflammatory monocytes, which are rapidly mobilized upon inflammation in a
¢ Blood monocytes are
distributed between a
marginated and a circulating
pool.

e CX3CR1 regulates
inflammatory monocyte
residence into the blood
vasculature during
inflammation.

CC-chemokine receptor 2—dependent manner, and the nonclassical blood resident
monocyte subset that patrols the intraluminal side of the endothelium. Old reports
suggest that blood monocytes are distributed into circulating and marginating pools, but
no direct evidence of the latter has been obtained so far. Using a combination of in vivo
real-time imaging and blood/tissue partitioning by intravascular staining of leukocytes,
we showed that both inflammatory and resident monocytes are retained in the bone
marrow vasculature, representing an important reservoir of marginated monocytes. Upon
lipopolysaccharide or cecal ligation and puncture-induced peritonitis, these marginated
cells are rapidly released and recruited to the peritoneum membrane lumen vasculature
where they reside through CX3C-chemokine receptor 1 (CX3CR1)-dependent adherence.
At a later time point, inflammatory monocytes infiltrate the spleen parenchyma but remain
mainly intravascular in the vicinity of the lungs and the peritoneum. Our results show that this monocyte deployment is controlled by a
CX3CR1-dependent balance between marginating and circulating monocytes and highlight that tissue infiltration is not a mandatory
fate for inflammatory monocytes. (Blood. 2017;129(10):1296-1307)

Introduction

Monocytes (Mo) are circulating cells implicated in the steady-state
immune surveillance and in the initiation of inflammation.’ They
derive from bone marrow (BM) precursors and constitutively
egress toward the bloodstream, where they differentiate into
2 functional classes, in both mice and humans. In the mouse,
circulating classical or inflammatory monocytes are short lived,
express high levels of Ly6C and the chemokine receptor, CCR2,
but also express intermediate levels of the CX3C-chemokine
receptor 1 (CX3CR1). Inflammatory monocytes are precursors
of longer-lived patrolling monocytes that lack Ly6C and CCR2
but express higher CX3CR1.> BM parenchyma and spleen are
known to be the main reservoirs of monocytes,* rapidly available
upon inflammation. Monocyte mobilization from the BM is
CCR2 dependent in the steady state as well as under inflamma-
tory conditions.®” Beyond the role of CX3CR1 in Ly6C'*¥-Mo
survival,® the membrane-anchored form of the CX3CLI pro-
vides a potent adhesion molecule™! that contributes to slowing
down monocyte egress from the marrow during myeloablative
recovery.!!

It has been suggested that monocytes are distributed between a
circulating pool and a marginating pool,'? the latter representing
up to 60% of the peripheral reservoir and defined by cells in direct

interaction with the endothelium. The nature and function of
marginated monocytes are not defined due to their poor accessi-
bility. Furthermore, very little is known about the mechanism that
governs this equilibrium. Intravital imaging approaches have
brought experimental evidence of the presence of patrolling
Ly6C"™-Mo' that crawls along the luminal side of the vessels in
a CDlla-dependent manner and participates in steady-state
immune surveillance. Upon inflammatory stimuli, Ly6CM&"-Mo
and Ly6C'°%-Mo are recruited in large numbers to carry out
specific effector functions.'® Lung microvasculature represents a
major site for monocyte margination after lipopolysaccharide
(LPS) stimulation and during sepsis.'*'® The spleen represents
another major source of monocytes. Direct visualization of the
splenic monocyte reservoir was assessed, and the subcapsular red
pulp identified was as their main site of residence.*

Herein, we used intravital imaging approach and in vivo
intravascular leukocyte staining to identify and characterize the
behavior of the marginating pool of monocytes in different vascular
niches, in steady state and in the course of peritonitis. Our results
indicate a key role of CX3CR1 in the equilibrium between vascular
retention and extravasation of blood monocytes and thus in the
regulation of monocyte deployment toward the periphery.
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Methods
Mice

C57BI16 mice were purchased from Elevage Janvier (Le Genest, Saint Isle, France).
Cx3crl-EGFP-Kin (Cx3cri8%),'7 Csflr-Gal4VP16/UAS-ECFP (MacBlue),'
and Ccr2™”” mice were intercrossed to generate  MacBlueX Cx3crl 8! *
MacBlueX Cx3crI¥”#% or MacBlueX Cx3crI¥®* X Cer2 ™~ mouse strains and

bred at Pitié-Salpétriere animal facility.

Peritonitis models

For low-dose LPS-mediated peritonitis, mice were administered intraperitoneally
with or without 100 ng/kg LPS in phosphate-buffered saline (PBS). For cecal
ligation and puncture (CLP) -induced peritonitis, mice were operated as
previously performed.'® In some experiments, 50 wg of CX3CR1 antagonist (F1)
antagonist®® was injected IV into sterile PBS concomitantly with LPS injection or
immediately and 3.5 hours after CLP.

Blood/tissue partitioning

Intravascular CD45 labeling was performed as previously described.>'>* Mice
were injected IV with 1 pg of anti-CD45 (clone 30-F11). Two minutes after
injection, blood was drawn and mice were sacrificed. Lungs and spleen were
harvested and bathed in a large volume of PBS. CD45-labeled cells in all tissues
were considered to be intravascular and CD45 ™ cells were considered to be
parenchymal.

Flow cytometry

Flow cytometry acquisition was performed on the fluorescence-activated cell
sorter (FACS) LSRFortessa X-20 (BD, Franklin Lakes, NJ) with DIVA Flow
Cytometry software, and data were analyzed with FlowJo software (Tree Star,
Inc, Ashland, OR). Blood was drawn via retro-orbital puncture with heparin and
directly stained with antibodies. After staining, erythrocytes were lysed with
buffer containing 0.15 M NH,4CI, 0.01 mM KHCO3;, and 0.1 mM EDTA and
resuspended in FACS buffer containing PBS 0.5% bovine serum albumin EDTA
2 mM. BM cells were harvested by flushing out the thighbone with PBS.
Peritoneal fluids were collected by peritoneal lavage with 5 mL of ice-cold FACS
buffer. Lungs and spleen were harvested and digested in RPMI 1640 medium
(Gibco, Invitrogen, Cergy Pontoise, France) with 1 mg/mL collagenase IV
(Sigma) for 30 minutes at 37°C and dissociated through a 40-pwm pore cell
strainer (Becton Dickinson, Rungis, France). One-tenth of the cell suspension
was incubated with 1 pg/mL purified anti-CD16/32 (2.4G2; BD Biosci-
ences) for 10 minutes at 4°C, and then surface staining was performed by an
additional 20-minute incubation with appropriate dilution of the surface
marker antibodies. Cells were then washed once in FACS buffer. For
chemokine binding assays, after surface staining, cells were incubated
with 100 nM m-Fractalkine (Alexa-647; Almac, Edinburgh, Scotland) for
45 minutes at 37°C. Cell suspensions were washed once in FACS buffer and
analyzed directly by flow cytometry. CX3CL1-A647 binding specificity
was controlled on CX3CR1-deficient mice.

Immunofluorescence of the peritoneal membrane

After intraperitoneal lavage, a minimum of 2 cm? of abdominal muscle tissue
including the peritoneal membrane was cut on both sides of the linea alba and was
directly laid on a microscope coverslip to image the inner side of the parietal sheet
of the peritoneum. Large wide field images along the linea alba were recorded
with an inverted Zeiss Axio Z1 fluorescent microscope (Carl Zeiss, Oberkochen,
Germany) using Zen software. Enhanced cyan fluorescent protein (ECFP) and
enhanced green fluorescent protein (EGFP) signals were acquired using an ExBP
475/40, EmBP 530/50 for EGFP and an ExBP 436/25, EmBP 480/40 for ECFP
light cube filters. Cell quantification was performed by counting the number of
ECFP™ cells at the interface between the muscular aponevrosis and the linea alba
using Imagel] software (National Institutes of Health).

Results

Intravital imaging reveals a marginated pool of Ly6C"%" and
Ly6C'°" monocytes in BM vasculature

Intravital multiphoton microscopy provides a unique opportunity to
understand spatiotemporal distribution of monocytes in their physio-
logical environment. We tracked medullar monocytes of the skull BM
using the previously described MacBlueX Cx3crI¥”" transgenic
mouse.>* We and others previously showed that the MacBlue transgene
is mainly expressed by monocyte-derived cells, whereas it is relatively
absent from tissue-resident macrophages except Langerhans cells,
microglia, and alveolar macrophages.''**?* A combination of high-
molecular-weight Rhodamin-Dextran IV injection and second har-
monic generation (SHG) signal collected from the bone matrix
discriminated the vasculature from the parenchymal niches of the
BM (Figure 1A). ECFP™ cells were distributed in both compartments,
whereas EGFP™ cells were only located in the parenchymal areas. Flow
cytometric analysis confirmed that >90% of BM and 53% of blood
ECFP™&M cells were CX3CRIYLy6C""-Mo (CD11b*F4/80"
Ly6G"™eNK1.1™Ly6CME"CX3CR1'"), and the remaining ECFP"e™
cells represented CX3CR1"E"Ly6C™™ monocytes/macrophages (sup-
plemental Figure 1A, available on the Blood Web site). In the BM
sinusoids, we defined circulating monocytes that can be detected in a
single picture of the movies, rolling monocytes that are slowed down in
the lumen of the vessels, and marginated monocytes either crawling
with amoeboid-like shape or completely arrested in the lumen of the
vasculature (Figure 1B; supplemental Video 1).

We next compared the behavior of the marginated monocytes in
wild-type (WT), Ccr2™~, and Cx3crl ™~ mutant mice. In Cer2™"~
mice, ECFP™" cells in the sinusoids were visually less frequent than in
WT mice (supplemental Videos 1 and 2), and the remaining cells were
mostly arrested (Figure 1C). In contrast, the proportion of arrested cells
was significantly reduced in Cx3cr] ™~ compared with WT mice with
an increased proportion of circulating and rolling cells (Figure 1C;
supplemental Videos 1 and 2). Accordingly, the distribution of the cell
mean velocity among arrested, crawling, and rolling cells showed an
increased proportion of cells with high velocity (>6 wm/min) in
Cx3crl ™~ mice compared with WT mice (Figure 1D).

To further characterize the nature of the cells present in the
vasculature of the BM, we performed blood/tissue partitioning by
in vivo CD45 staining.>' This approach allowed the discrimination
between circulating monocytes, collected by blood drawing,
CD45" BMe-intravascular monocytes, including marginated and
circulating subsets, and CD45  BM-parenchymal monocytes
isolated from BM extraction (Figure 1E schema). One hundred
percent of circulating cells were labeled after intravascular staining
(Figure 1E left). In steady-state BM, both Ly6CMe"-Mo and
Ly6C'°¥-Mo were labeled by the anti-CD45 antibody with a lower
MFI compared with circulating monocytes, showing a reduced
accessibility of the antibody to the cells in accordance with cell
margination to the endothelium (Figure 1E right). The numbers of
these intravascular BM monocytes (CD45 in vivo™ cells) in 1
thighbone of WT mice were 8159 *+ 7737 for Ly6C"€"-Mo and
6758 *+ 6687 for Ly6C'**-Mo (Figure 1F). The ratio of in vivo
CD45 " Ly6Che"/Ly6C'*-Mo in the BM (45 * 18.4%) was similar
to the ratio in the bloodstream (45.7% * 19.6%), suggesting no
preferential margination in the BM sinusoids of 1 subset to the other
(data not shown). As expected in Cer2™”~ mice, the number of
intravascular BM Ly6C™&"-Mo but not that of Ly6C'*"-Mo was
significantly reduced compared with WT. In Cx3crl /" mice, only

20z aunr g0 uo 3senb Aq Jpd'$91.2£,P00Iq/.L68BEL/IBZ L/0L/6Z L/Pd-BloIE/pPOO|qABU"SUOlEDlgNdysE//:dY WOy papeojumog



BLOOD, 9 MARCH 2017 « VOLUME 129, NUMBER 10

HAMON et al

1298

Downloaded from http://ashpublications.net/blood/article-pdf/129/10/1296/1398917/blood732164.pdf by guest on 08 June 2024

B Rhodamin — Cx3cr1%" — Csf1°" — SHG

Rhodamin — Cx3cr1%" — Csf1/°" — SHG

A

Cx3cr1™

Cer2™

wT

39%

- WT
m Ccr2”

©
[S)

16% ***

m Cx3cr1” 53% *xr

02 4 6 8 10121416 18 20<20

< o o
o o o

(suonaey)) Aouanbaly
aAlejay

Circulating mm Rolling m Crawling B Arrested

Mean velocity (um/min)

M Blood

M Parenchymal

I Intravascular

Parenchymal Cells

Kk kK
—_

*k
=
——

1
o

0 -

[

T
o
o

0 -

g & § s g 8 g 8 8 g 8 8 8
0 o 0 o o o o
- - (14wy) uoissaidxa § © « =
(W) uoissaidxe (I4N) d493-149EXD 911@9 (W) d493-149€X9
911a0
S 888° 8888° 8888g° g5s88sgc°
m m m mw (<<} © < o m m m m (=<} © < (Y]
(1) uorssaidxe (14w) Buipuig (1) uorssaidxe (I4wv) Buipuig
qLLag 1¥9¥-119EXD qLLag 1¥9¥-119EXD
i i
| |
£g8s88° £8g88g° 8g8gegg° 8888 -°
n < o N N -~ -~ n < MO N o — —
(14n) uoissaldxa (14In) uoissaldxa (14n) uoissaldxa (141v) uoissaidxa
eLLan 24090 eLLag 2409

sejfoououw 5,094

S —
» (Buluress gyao)
S|189 JenoseAesju|

2£2.9%

4.63P 5%
m

100%

T

pooig

L

Lt b B

0947

Unstained / Intravascular CD45

sajfoouow 4,094

TR

(01X) O mo; D947

+GyQJ ONIA UL NG JO JaquInN

Ly6Chish Mo

(c01X) O ygyy 991
+GQQ OAIA UL g JO Jaquin

o

WT Cer2” Cx3ert”

o O O O o o
O O © < o

(%) 1199 poojq / s]180
+GpQ) OAIA Ul NG JO Oljey

WT Cer2” Cx3ert™

o O O O o o
© ® © « o

(%) 1199 poojq / 8189
+Gp QD OAIA Ul NG JO OljeY

Figure 1.



BLOOD, 9 MARCH 2017 - VOLUME 129, NUMBER 10

the number of BM-intravascular Ly6C'°¥-Mo was significantly
reduced (Figure 1F). Assuming a total blood volume of 2 mL, we
estimated that BM-intravascular CD45* Ly6C"&"-Mo from only 1
thighbone represented up to 19.1% = 23.9% (median = 9.3%) of
the total circulating Ly6C™&"-Mo and BM-intravascular CD45™
Ly6C'°%-Mo represented 15.9% * 13.9% (median = 10.8%) of
the total circulating Ly6C'*-Mo (Figure 1G). Considering the
numerous other BM niches, this very high concentration of CD45™"
BMe-intravascular monocytes further argues for a specific mono-
cyte enrichment in BM sinusoids. To provide further insights on
the origin of marginating monocytes, we performed intravital
imaging on parabionts. One month after parabiosis between
C57BI6 (host) and MacBlue X Cx3cr1¥?"* (donor) mice, margin-
ated ECFP™* monocytes from the donor were detected in the blood
vasculature of the host BM as well as within the parenchymal
niches (supplemental Figure 1B-C). Flow cytometry confirmed that
66.8% * 22% of the donor ECFP" monocytes were Ly6C™", arguing
that inflammatory monocytes can constitutively exchange between the
vasculature and the BM parenchyma (supplemental Figure 1D). In
Cer2™™ and Cx3crl™ mice, the ratio of BM-intravascular to
circulating Ly6C"&"-Mo and Ly6C'°“-Mo numbers were similar
compared with WT mice, suggesting that the margination is in direct
correlation with the level of circulating cell at steady state (Figure 1G).

We next investigated whether the BM-intravascular/marginated
monocytes expressed differential levels of the CD11 integrins
and chemokine receptors (Figure 1H) compared with peripheral
blood circulating and BM-parenchymal monocytes. BM-intravascular
(CD45™) and circulating Ly6C™€"-Mo expressed similar levels of the
integrins CD11b and CD11a. BM-intravascular (CD45 ") Ly6C™"-
Mo expressed reduced levels of CD11c and CCR2. Despite expression
of the CX3CRI reporter EGFP was lower, CX3CL1 binding was
higher in BM-intravascular compared with peripheral circulating
Ly6Chigh-Mo. CD11b, CCR2, and CX3CR1 levels were increased in
the intravascular (CD45") fraction of the BM compared with the
parenchymal (CD45 ~) pool. BM-intravascular Ly6C'*¥-Mo displayed
increased expression of CD11b, CD11c, and CCR2 compared with its
circulating counterpart but reduced level of functional CX3CRI1. These
different phenotypes further confirm that the BM-intravascular and
peripheral circulating monocytes represent distinct pools.

We concluded that in steady-state conditions, both Ly6C"€"-Mo and
Ly6C""-Mo generate a consequent marginating pool in the BM sinusoids.
This reservoir is abrogated in the absence of CCR2, and its behavior
depends on CX3CR1-mediated adherence to the endothelium lumen.

CCR2 and CX3CR1 control BM parenchymal and vascular
monocyte release following intraperitoneal LPS injection

We next investigated the behavior of this marginating pool upon
inflammation. Toll-like receptor stimulation using LPS mimics
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pathogen infection and permits study of the cell mobilization
mechanism in a dose-dependent manner.” Ly6C""-Mo are rapidly
released from the BM until 3 hours after intraperitoneal injection of
LPS (100 ng/kg) (Figure 2A). At 4 hours, the number of Ly6C"€"-Mo
recovered in the BM suggests a rehoming of mobilized cells from the
blood. Neutrophils followed the same mobilization profile as Ly6Ce™-
Mo in the BM, but the number of Ly6C'**-Mo in the BM was barely
affected by LPS challenge (Figure 2A). Surprisingly, within the first
hour, the number of both circulating Ly6CMe"-Mo and Ly6C'*"-
Mo dropped by 88% (6.5 * 6.1 X 10*t00.74 = 1.2 X 10*) and 81%
(6.1 £13.6 X 10*to 1.1 = 1.2 X 10%), respectively (Figure 2B). The
monocytopenia at 1 hour was specific as neutrophils showed an almost
mirrored mobilization kinetic in the blood. Reduced margination
in BM sinusoids was also observed at 1 hour for Ly6C"&"-Mo
(57% reduction of in vivo CD45™ cells, from 82 = 7.7 X 10° t0 3.5 =
34 X 10°, P = .04) and to a smaller extent for Ly6Cl°W—Mo (Figure 2C).
In contrast, BM-intravascular neutrophils tended to increase at 1 hour
in accordance with their massive accumulation in the blood-
stream (Figure 2C). The number of blood circulating Ly6C™&"-Mo
was recovered 3 hours post challenge and accumulated by fourfold
(14.9 = 14.2 X 10* after 4 hours according to BM release. Circulating
Ly6C*-Mo recovered only 4 hours after challenge, reaching
approximately their number at steady state (8.3 * 20.2 X 10%
(Figure 2B). Circulating neutrophil numbers doubled in 1 hour and
returned to basal levels at 3 hours after LPS injection. By 4 hours, the
margination of both BM-intravascular Ly6C"¢"-Mo and Ly6C'**-Mo
recovered (Figure 2C) but did not increase with the monocytosis and
thus represented only 4.4% * 3.6% (median = 3.3%) and 11.3% *
8.3% (median = 8.6%), respectively, of the circulating monocytes of
the peripheral blood (data not shown), arguing for a preferential release
of Ly6C"&"-Mo into the bloodstream. The sequential monocytopenia
and monocytosis phases were observed in WT and Cx3crl /" mice
with a slight accumulation of circulating Ly6C"¢"-Mo in CX3CRI1-
deficient mice compared with WT mice (supplemental Figure 2A). As
expected, the Ly6C"¢" monocytosis was abrogated in Cer2 ™™ mice
(supplemental Figure 2A). Circulating Ly6C'°¥-Mo recovery 4 hours
after LPS stimulation was not affected in both Cx3crl ™ and Cer2 ™~
mice (supplemental Figure 2A). Intravital imaging of the skull BM
confirmed that marginating ECFP" monocytes were cleared from
the sinusoids in WT mice and recovered with time (Figure 2D;
supplemental Video 3). In Cer2 ™~ mice, no accumulation of margin-
ating ECFP™ cells was observed in the BM vasculature after LPS
injection (Figure 2D-E; supplemental Video 3). In CX3CR1-deficient
mice, an increased accumulation of BM-intravascular cells compared
with WT mice was observed after 1 hour, and even greater numbers
accumulated later on (Figure 2D-E; supplemental Video 3). The ratio
of crawling to rolling cells increased rapidly after LPS treatmentin WT
mice (Figure 2F). The mean velocity first dropped down between 60
and 150 minutes after LPS stimulation due to rapid release of the fastest

Figure 1. Intravital imaging reveals a marginated pool of Ly6C"'9" and Ly6C'*" monocytes in BM vasculature. (A) Representative 3-dimensional (3D) 2-photon laser
scanning microscopy (3D-TPLSM) pictures showing medullar monocytes in the parenchymal and vascular BM compartments of the skull in MacBluex Cx3cr19%"* mice
(original magnification xX573). (B) Representative tracks of vascular monocytes displaying arrested (blue; original magnification X620), crawling (pink; original magnification
X546), and rolling (green; original magnification X300) behaviors. Vasculature is labeled with 2-MDa Rhodamin-Dextran (red), and bone matrix is identified by SHG (blue). (C)
Pie graphs represent the relative proportion of the different monocyte behaviors in each mouse strain (percent + standard deviation [SD] from 3 to 5 independent experiments
are indicated). (D) Relative frequency distribution of vascular monocyte mean velocity (data are pooled from at least 3 independent experiments; percent indicates the
proportion of cells faster than 6 um/min for each mouse strain, and Kruskal-Wallis with Dunn’s multicomparisons test is performed. Statistical significance between the 2
mutants and WT mice is indicated). (E) Scheme illustrates cell behavior and intravascular staining in the BM sinusoids. Representative dot plot showing CD45 intravascular
staining (red) overlaid with noninjected control mouse (black) in the blood and the BM. (F) Quantification of the blood/tissue partitioning of monocyte subsets in the different
mouse strains. (G) Graphs represent the ratio of intravascular medullar monocytes in 1 thighbone to the total number of circulating monocytes. Black bars represent mean =
standard error of the mean (SEM). (Mice are pooled from at least 3 independent experiments; median is indicated in black, and Kruskal-Wallis with Dunn’s multicomparison
test is performed.) (H) Bar graphs show the respective marker expression (as mean fluorescence intensity [MFI]) on intravascular BM monocytes (CD45" cells after in vivo
staining), parenchymal BM monocytes (CD45™ after in vivo staining), and blood monocytes (CD45™ cells from the blood) in WT mice. (Bars represent mean + SEM. n = 12-
14 mice out of 2 to 3 independent experiments; Kruskal-Wallis with Dunn’s multicomparisons test is performed.) *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Figure 3. CX3CR1 reduces Ly6C"'9" monocyte release toward the peritoneal cavity during LPS-mediated peritonitis. Kinetics of Ly6C"9" and Ly6C'°" monocyte
mobilization in the spleen (A), the lungs (B), and the peritoneal cavity (C) after intraperitoneal injection of 100 ng/kg LPS in MacBluex Cx3cr19?* (WT) and
MacBluex Cx3cr19%9% mice (Cx3cr1~/~). Representative dot plots show the gating strategy to define Ly6C"9" (red gate) and Ly6C'°" monocytes (blue gate); percent + SD
are depicted. Graphs represent mean = SEM of the absolute number per milligram of spleen or lungs and in total after peritoneal cavity lavage (n = 8-13 mice per group and
per time point from at least 3 independent experiments. Kruskal-Wallis with Dunn’s multicomparisons test is performed; the significance for each time point compared with
untreated mice [t0] are indicated in colored *. Significance between mouse strains are indicated by black * for each time point, and Mann-Whitney test is performed). *P < .05;
**P < .01; ***P < .001. AM, alveolar macrophages; NK, natural killer cells.

cells and increased above basal level after 150 minutes (Figure 2G).No  parenchymal ECFP™ cells increased their mean velocity and
change in the behavior of the few ECFP" monocytes presentinthe BM  straightness in accordance with the parenchymal mobilization and
sinusoids of Cer2™"™ mice was observed, except a strong reduction  release toward the vasculature (supplemental Figure 2B; supple-
in their mean velocity at early time points that persisted over time mental Video 4). This acceleration was not observed in Ccr2™"~
(Figure 2F-G). In Cx3crl ~/~ mice, the change in the ratio between  parenchymal ECFP™ cells but strongly increased in the absence
crawling and rolling cells after LPS stimulation was delayed and of CX3CR1 (supplemental Figure 2B). Our results showed that CCR2
reduced compared with WT mice (Figure 2F). Moreover, the mean and CX3CR1 tightly regulate medullar monocyte release by
velocity of Cx3crl "~ ECFP™ cells was much higher at all time points ~ controlling both parenchymal egress and the strength of vascular
compared with WT mice (Figure 2G). Following LPS challenge, margination.

Figure 2. CCR2 and CX3CR1 control BM parenchymal and vascular monocyte release following intraperitoneal LPS injection. Kinetics of Ly6C"" (red), Ly6C'"
monocytes (blue), and Ly6G™ neutrophils (green) mobilization in the BM (A) and the blood (B) after intraperitoneal injection of 100 ng/kg LPS in MacBluex Cx3cr19%* mice.
Dot plots are gated on CD11b*NK1.1""Ly6G ™~ cells (percent = SD of the gated populations are indicated). (C) Graph shows the quantification of BM CD45* monocytes and
neutrophils after intravascular staining (for all graphs, data represent mean = SEM of absolute numbers of each subset per thighbone or per milliliter of blood quantified by
flow cytometry [n = 6-12 mice for each time point out of 3 independent experiments]; Kruskal-Wallis with Dunn’s multicomparisons test is performed. Only the significance for
each time point compared with untreated mice [t0] is indicated). (D) Representative 3D-TPLSM images of the skull BM from MacBluex Cx3cr19¥*, MacBluex Cx3cr19%"*
Cer2™’~, and MacBlueX Cx3cr19P9% mice at different time points before and after LPS injection (original magnification x115). Track paths of vascular ECFP™ cells are
represented in green. BM sinusoids are labeled by Rhodamin-Dextran (red); bone matrix is detected by SHG (blue), and monocytes are in white/cyan. (E) Flow cytometry
quantification of BM CD45" monocytes and neutrophils after intravascular staining in WT, CCR2-, and CX3CR1-deficient mice bars represent mean = SEM from 6-12
different mice per time point out of at least 3 independent experiments. Kruskal-Wallis with Dunn’s multicomparisons test is performed. The significance for each time point
compared with untreated mice [t0] is indicated by colored *. Significance compared to 1 h is indicated by colored $$ (P < .01). Significance between mouse strains is indicated
by black * for each time point; Mann-Whitney test is performed. *P < .05; **P < .01; ***P < .001; ****P < .0001). (F) Quantification of the relative proportion in the number of
crawling and rolling monocytes in BM sinusoids. Bars represent mean + SEM calculated from 2 to 5 different mice per group. (G) Mean velocity of ECFP* vascular cells in the
BM upon LPS injection (data are pooled from at least 3 different mice per group and per time point. One-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison tests is performed).
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Figure 4. CCR2 and CX3CR1 control monocyte compartmentalization during inflammation. Blood/tissue partitioning of Ly6C"9" and Ly6C'®" monocytes in the lungs
(A-C) and the spleen (D-F) are determined by in vivo CD45 intravascular staining in the different mouse strains after intraperitoneal injection of 100 ng/kg LPS in WT, CCR2-,
and CX3CR1-deficient mice. (A,D) Graphs represent mean = SEM of the absolute number per milligram of tissue of intravascular (CD45") monocytes. (B,E) Graphs
represent mean = SEM of the absolute number of parenchymal (CD45~) monocytes. (C,F) Pie graphs represent the relative proportion of parenchymal (dark) and
intravascular (clear) monocytes in indicated mouse strains and tissue for all graphs, n = 6-14 mice per group and per time point from at least 2 independent experiments.
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CX3CR1 reduces Ly6C"" monocyte release toward the
peritoneal cavity during LPS-mediated peritonitis

We next evaluated whether the reduced margination of CX3CR1-
deficient Ly6C™€"-Mo in the BM vasculature could have an impact on
their systemic distribution.

A slight but nonsignificant reduction of Ly6C"¢"-Mo number was
observed in the spleen of WT mice 1 hour after LPS injection; however,
Ly6C""-Mo recovered after 3 hours and further accumulated at
4 hours compared with basal value. CX3CR1 deficiency did not affect
the kinetic of monocyte mobilization in the spleen (Figure 3A). The
number of Ly6C*-Mo in the spleen slightly diminished over time
(Figure 3A). In steady-state lungs, the number of both Ly6C"€"-Mo
and Ly6C"-Mo was impaired in Cx3crl ™/~ mice as previously
observed.”> One hour after LPS stimulation, Ly6C"€"-Mo numbers
remained stable but strongly accumulated at 4 hours (Figure 3B). In
contrast, Ly6C'°"-Mo accumulation was weaker. Accumulation of
both Ly6C"&"-Mo and Ly6C"°¥-Mo subsets was observed in the
absence of CX3CR1; however, Ly6Cl°W-M0 did not reach the level of
WT mice, suggesting an important role of CX3CR1 in the homing or
survival of Ly6C'®"-Mo in the lungs (Figure 3B).

Surprisingly, in the absence of CX3CR1, Ly6C™"-Mo accumu-
lated by fourfold in the peritoneal cavity 4 hours after LPS treatment
compared with WT monocytes. In contrast, Ly6C'®”-Mo numbers
displayed nonsignificant variation after LPS stimulation in both mouse
strains (Figure 3C).

We concluded that CX3CR1 controls Ly6C"€"-Mo accumulation
into the peritoneal cavity upon LPS stimulation.

CCR2 and CX3CR1 control monocyte blood/tissue partitioning
during inflammation

We speculated that strong accumulation of Ly6CM&™-Mo in the
peritoneal cavity of CX3CR1-deficient mice could be due to a defect
in their margination to the endothelium of tissue vasculatures. We
previously showed that the majority of lung monocytes were trapped in
the microcapillaries and in direct contact with blood and airways.>*
Blood/tissue partitioning confirmed that >90% of the lung tissue
monocytes are trapped in the lung capillaries and are still labeled by in
vivo CDA45 staining even 4 hours after LPS stimulation (Figure 4A-C).
CX3CR1 deficiency did not affect the trapping of Ly6C™¢"-Mo after
LPS stimulation but affected the Ly6C'°"-Mo, resulting in a higher
proportion of parenchymal cells (Figure 4A,C). Few Ly6C"€"-Mo and
Ly6C'"°¥-Mo infiltrated the lungs even at 4 hours after LPS treatment
(Figure 4B-C). As a control, lung-intravascular Ly6C™&"-Mo and
Ly6C"°"-Mo did not accumulate in Ccr2™”~ mice, but the low
Ly6C'"°¥-Mo infiltration was still similar to WT mice (Figure 4A-C). In
contrast to the lungs, the proportion of intravascular (in vivo CD45 ")
monocytes in the splenic reservoir was minor (Figure 4C,F). Spleen-
intravascular Ly6C™€"-Mo were similar in WT and Cx3crl ™~ mice
(Figure 4D); however, the splenic extravasation was slightly reduced at
steady state but further significantly impaired at 4 hours in CX3CR1-
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deficent mice (P = .01) (Figure 4E). The Ly6Chigh—Mo defectin Ccr2™~
mice was conserved in the 2 spleen compartments (Figure 4D-E). The
number of spleen-intravascular Ly6C'**-Mo remained unchanged
over time, and no significant infiltration into the spleen was observed in
all mouse strains. Overall, the ratio between spleen-intravascular
and spleen-parenchymal monocyte subsets was conserved over time
(Figure 4F).

In order to exclude that monocyte accumulation in the peritoneal
cavity of Cx3crl ™~ mice could be due to a defect in their adherence
to the peritoneal membrane, we performed histological analysis
by fluorescent microscopy on fresh tissue of the inner side parietal
sheet of the peritoneum along the linea alba (white line) from
MacBlueX Cx3crI€?* and MacBlue X Cx3crI¥74P mice (Figure 4G).
ECFP" cell accumulation was detectable as early as 1 hour after LPS
treatment. By 3 to 4 hours after LPS injection, numerous dense clusters
of ECFP™ monocytes accumulated along the linea alba (Figure 4H).
Monocyte accumulation was similar in WT and CX3CR1-deficient
mice, and as expected, completely abrogated in Ccr2™’~ mice
(Figure 4H). Intravital imaging of the parietal sheet vasculature
confirmed that circulating monocytes within the first hour following
LPS injection marginated locally in the vascular lumen and strongly
accumulated over time (Figure 41; supplemental Video 5). In Cx3crl
mice, this margination was almost completely abrogated and was
associated with the massive accumulation in the peritoneal cavity
(Figure 4J; supplemental Video 6). Our results show that inflammatory
monocytes can reside in the vascular lumen of inflamed tissues and that
extravasation is not a mandatory fate for monocytes.

CX3CR1 blockade induces systemic monocyte demargination

We previously showed that the F1?° blocks monocyte CX3CLI-
mediated monocyte adherence.'' We used F1 to confirm that monocyte
margination is CX3CR1 dependent and exclude potential mouse strain-
associated effects. CX3CR1 blockade with F1 reduced monocyte
adherence to BM endothelium 4 hours after LPS treatment, increased
their mean velocity (Figure 5A-B; supplemental Video 7), and
increased the number of BM-intravascular as well as circulating
Ly6C"&"-Mo compared with WT mice (Figure 5C). Monocyte
margination in the proximal blood vessels of the peritoneum was also
lost in F1-treated mice (Figure 5D; supplemental Video 7).

CX3CR1-dependent Ly6C"'9"-monocyte margination control
monocyte deployment during CLP-induced peritonitis

We next investigated whether similar observation could be done after
CLP, a more severe and clinically relevant model of sepsis. CLP
induced an increased monocyte and neutrophil margination within
4 hours compared with sham-operated mice in the BM, the lungs, and
the spleen (Figure 6A). BM margination was observed by real-time
imaging on CLP-operated MacBlueX Cx3crI€”" mice (Figure 6B).
F1 treatment led to reduced adherence of monocytes as depicted by
increased velocity and straightness (Figure 6C). Monocyte margination
in the peritoneal vasculature after CLP was also severely impaired

Figure 4 (continued) Kruskal-Wallis with Dunn’s multicomparisons test is performed, and the significance for each time point compared with untreated mice [t0] is indicated in
colored *. Significances between mouse strains are indicated by black * for each time point. Mann-Whitney test is performed). (G) Representative fluorescent wide field
pictures of the inner side of the parietal sheet of the peritoneal membrane (green autofluorescence) at different time point after LPS injection in MacBlue X Cx3cr19"* and
MacBluex Cx3cr199% mice show ECFP* monocytes (cyan) accumulation along the linea alba (dark area; original magnification x20). (H) Quantification of monocyte
accumulation along the linea alba in the different mouse strains (n = 3-8 mice in each group, Kruskal-Wallis with Dunn’s multicomparisons test is performed for each strain).
*P < .05; *P < .01; **P < .001; ****P < .0001. (I) Representative time-lapse in vivo 3D images of the peritoneal membrane vasculature in MacBluex Cx3cr19"* shows
monocyte accumulation, adhering to the endothelium at different time points after LPS injection (original magnification X20). Vessels are labeled by Rhodamin-Dextran
injection prior to imaging session (red). SHG shows conjunctive tissue of the peritoneal membrane. (J) Comparative 3D-TPLSM images showing monocyte accumulation in
the peritoneal vasculature 4 hours after LPS injection in MacBluex Cx3cr19%’* (WT) and MacBlue x Cx3cr19%9% mice (Cx3cr1~'") (original magnification x106).
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Figure 5. CX3CR1 blockade induces systemic
monocyte demargination. (A) 3D-TPLSM image of
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LPS treatment in the presence of F1 (50 pg injected
intraperitoneally) (original magnification X196). Track

Kk

10 A A paths (green line) showing monocyte behavior in the
vasculature (red) are represented. (B) Quantification of
8 1 the relative proportion of crawling and rolling mono-
6 - cytes and their mean velocity in the vascular lumen of
the BM sinusoids from MacBluex Cx3cr19%"* treated
4 (F1) or not (WT) with CX3CR1 antagonism (bars
represent mean = SEM; data are pooled from different
2 movies out of 2 independent experiments at least.
Kruskal-Wallis with Dunn’s multicomparison tests is

performed). (C) Quantification by flow cytometry of
intravascular Ly6C™", Ly6C'" monocytes, and neu-
trophils in WT and treated (F1) after in vivo CD45
intravascular staining (bars represent mean +* SEM
from at least 6 different mice per time point out of at
least 2 independent experiments; Kruskal-Wallis with
Dunn’s multicomparisons test is performed. The
significance between mouse strains is indicated by
black * for each time point, and Mann-Whitney test is
performed). *P < .05; ***P < .001; ****P < .0001; ns,
nonsignificant. (D) In vivo 3D-TPLSM image of the
peritoneal vasculature showing the defect in ECFP™*
monocyte adherence to endothelium (red) 4 hours
after LPS treatment in the presence of F1 (see
supplemental Video 7; original magnification x150).

Peritoneum

by F1 treatment (Figure 6D; supplemental Video 8). Finally, this
Fl-mediated demargination selectively affected Ly6C"'2"-monocyte
distribution between the lungs and the peritoneal cavity, with a
preferential relocalization from the lungs toward the peritoneum
compared with untreated CLP-operated mice (Figure 6E). We conclude
that CX3CR1 is a key regulator of monocyte deployment during sepsis.

Discussion

Blood vessels have a central role in the regulation of monocyte
distribution in steady state and in pathological conditions. Surprisingly,
our knowledge of cell behavior in the vasculature is very limited as
it is never considered a tissue of residency for leukocytes. Moreover,
the characterization of blood cells is restricted to the circulating cells
that are harvested from blood draw, cells adhering/marginating to
the endothelial lumen being barely accessible. Three decades ago,
considering the rate of BM production and the frequency of monocytes
into the blood, despite a lack of experimental evidences, van Furth and
Sluiter already suspected that blood monocytes might be distributed
into a circulating and a marginating pool.'? The frequency of patrolling
monocytes identified by Auffray et al may represent approximately
one-third of the total Ly6C'*-Mo pool of the vasculature,' but this
may not account for the pool of marginated cells estimated by van
Furth. We combined intravital imaging and blood/tissue partitioning
using intravascular leukocyte labeling to demonstrate that a massive
pool of vascular monocytes is marginated in the BM sinusoids at steady
state. These marginated monocytes include Ly6C"'#"-Mo and Ly6C'*"-
Mo subsets in similar proportions. We extrapolated that in 1 thighbone
the number of marginated cells represented ~20% of the number of
circulating Ly6C"'"-Mo. Considering all the BM niches and the lung

capillaries that we have previously shown to sequester monocytes,* the
proportion of marginated monocytes in the total vasculature of the body
is increasingly being realized to be a major source of monocytes, as
suggested by van Furth.'? Interestingly, despite its role as a monocyte
reservoir,” the spleen vasculature does not represent an important site of
monocyte margination, confirming that monocytes are stocked in the
parenchymal red pulp.

Patrolling activity of Ly6C'**-Mo in the peritoneal vasculature was
previously described to be dependent of the integrin CDlla
lymphocyte function-associated antigen-1 (LFA-1)." We compared
the expression of the 3 integrins CD11a, b, and ¢ between marginated
and circulating monocytes but found no major difference in Ly6CMe-
Mo, but did discover increased CD11b and CD1 1c expression between
circulating and marginated Ly6C'°”-Mo. CD1 1a neutralization using a
specific antibody led to an almost complete depletion of both circulating
and marginated monocyte subsets (data not shown). We thus could not
conclude on a specific role of CD11a in monocyte margination.
CX3CR1 has also been shown to be involved in the patrolling activity
of Ly6C'°¥-Mo."?>?% So far, the CX3CR1 expression on the 2 mouse
monocyte subsets has been evaluated based on the EGFP expression in
the knock-in Cx3cri®”*. We compared on Ly6C"#"-Mo and
Ly6C"°"-Mo the functional expression of CX3CR1 using CX3CL1-
AF647 binding with EGFP expression reflecting transcriptional activity
of Cx3crl promoter. Although EGFP level was lower on Ly6C""-Mo
compared with Ly6C'°¥-Mo, we found similar specific binding of the
chemokine on both blood subsets, suggesting that the role of CX3CR1
on Ly6C"" could have been underestimated so far. Indeed, we
observed that BM-intravascular Ly6C"¢"-Mo displayed even more
CX3CL1 binding than their circulating counterparts. This result was in
accordance with a role of CX3CR1 in the adherence of Ly6C"€"-Mo in
the BM vasculature. Chemokine binding confers high sensitivity due to
its strong affinity for the receptor and intracellular accumulation with
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Figure 6. CX3CR1-dependent Ly6C"9"-monocyte margination controls monocyte deployment during CLP-induced peritonitis. (A) Quantification by flow cytometry of BM, lung,
and spleen-intravascular Ly6C"", Ly6C'®" monocytes, and neutrophils in Sham and CLP-operated after in vivo CD45 intravascular staining (bars represent mean + SEM from 7 to 11
different mice per time point out of 3 to 4 independent experiments; Mann-Whitney test is performed). *P < .05; **P < .01; ***P < .001; **** P < .0001. (B) 3D-TPLSM images of the skull
BM from MacBlueX Cx3cr19P"" 4 hours after CLP treated or not with the F1 (50 g injected intraperitoneally) (original magnification xX440). Representative track paths are represented in
green. (C) Quantification of monocyte mean velocity and straightness in the vascular lumen of the BM sinusoids from MacBluex Cx3cr19""* mice treated or not with CX3CR1 antagonism
(F1) 4 hours after CLP (median is indicated in red. Data are pooled from different movies out of 3 different mice. Mann-Whitney test is performed; ****P < .0001). (D) In vivo 3D-TPLSM
image of the peritoneal vasculature showing ECFP* monocyte adherence to endothelium 4 hours after CLP in the presence or not of F1 (original magnification x230). Representative
track paths are represented in green (see supplemental Video 8). (E) Scatter plots show the distribution of the absolute number of Ly6C"" and Ly6C'®" monocytes in the lung versus the
peritoneal cavity in Sham, CLP, and CLP treated with F1 4 hours after operation. Statistical differences in the distribution have been measured by a 2-way ANOVA with Bonferroni’s
multiple comparison tests.
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receptor turnover; this observation points out that EGFP expression
does not purely reflect functional CX3CR1 expression on monocyte
subsets and thus requires caution for future interpretations. Similar
margination was not observed in steady-state peritoneum, suggesting
that Ly6C™e" adherence to the endothelium might be different
considering the anatomical locality of the vessels. Within the first hour
following low-dose LPS injection in the peritoneal cavity, a drastic
monocytopenia occurred. This diminution was previously observed by
Shi et al in the same model of peritonitis but was not examined.’ In
contrast, the number of circulating neutrophils increased by threefold in
the meantime. Interestingly, in lungs and spleen, Ly6C""-Mo num-
bers tended to diminish at 1 hour after LPS challenge. Accumulation of
Ly6C"€"-Mo was only observed in the peritoneal membrane vasculature
by in vivo imaging, suggesting a rapid relocalization of the marginated
monocyte niches toward the peritoneal membrane. We thus demon-
strated that BM marginated monocytes are the first released cells and
(together with circulating monocytes) the most rapidly mobilized cells
toward the inflammatory site. What regulates the relative proportion
between circulating and marginated monocytes is unclear. High doses
of LPS were shown to increase the sequestration in vascular beds,?”*
which as a consequence reduces the proportion of circulating cells.’
The expected outcome of cell margination is to undergo extrava-
sation toward the inflammatory site through sequential expression of
adherent selectin and integrins.>>*° More surprisingly, we observed
that CX3CR1 expression participated in the retention of inflammatory
monocytes into the endothelial lumen. This important observation led
us to conclude that inflammatory monocyte infiltration into the in-
flamed tissue is not a mandatory fate and that blood retention might
have regulatory function. In the course of cecal ligature and puncture-
induced sepsis, we reported that CX3CR1-dependent Ly6C"€"-Mo
adherence to the renal endothelium exerts a protective effect against
kidney injuries.'® Herein, we extended the role of CX3CR1 in the
systemic distribution of Ly6C™"-Mo during the early phase of acute
inflammation. It is likely that monocyte adherence to the endothelium
is an important feature of the compensatory anti-inflammatory
response syndrome,*'*? through interleukin-1 receptor alpha release for
instance,'® and through the cleaning of amyloid B,* dead cells, and
potential pathogens in the vasculature.”> Margination was still
increased at day 7 in CLP-operated mice, suggesting that the
regulation between marginated and circulating cells is not only a
feature of acute inflammation (data not shown). In addition, we
previously showed that F1 antagonist treatment can limit the
development of atherosclerotic plaques by reducing monocyte

BLOOD, 9 MARCH 2017 - VOLUME 129, NUMBER 10

adherence, which, by contrast, demonstrate a deleterious effect of
CX3CR1-dependent monocyte margination in a chronic disease.>*

Our results provide novel insights into the regulation of monocyte
fate and deployment in steady-state or inflammatory conditions and,
more specifically, into the role of CX3CR1 expression by the Ly6CMe™-
Mo subset. Regulating the CX3CR1/CX3CL1 axis represents an
interesting approach to regulate the recruitment of inflammatory cells
and modulate the outcome of the inflammatory response.
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