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Brief Definit ive Report

Effective responses to infection and injury have 
been directed by millions of years of evolution­
ary pressure. A response to sterile injury such as 
trauma has been optimized to include essen­
tial components of repair while excluding un­
wanted or disruptive influences. Understanding 
evolution-driven responses to sterile injury will 
be critical to understanding and modulating 
iatrogenic or lifestyle-driven inflammatory dis­
ease. The initial immune response to sterile trau­
matic injury, classically defined as tissue injury 
in the absence of infection, is most notably 
characterized by early neutrophil swarming into 
the site, a process that has been extensively stud­
ied and well documented, highlighting se­
quential phases of cellular recruitment (Chtanova  

et al., 2008; McDonald et al., 2010; Lämmermann 
et al., 2013).

Less is known about monocyte recruitment. 
Monocytes had been thought to enter at a de­
layed time point although this view has been 
challenged (Auffray et al., 2007). Moreover, 
monocytes have been demonstrated to possess 
impressive plasticity and have been implicated 
not only as proinflammatory but also as repara­
tive cells (Geissmann et al., 2003; Gautier et al., 
2012; Gordon, 2012). Literature to date suggests 
that they are endogenously present as at least 
two distinct populations: (1) as a classical pro­
inflammatory cell circulating in blood and ex­
pressing high levels of CCR2 and Ly6C and 
low levels of CX3CR1 (CCR2hiCX3CR1low) 
and (2) as a locally patrolling alternative non­
classical monocyte with high levels of CX3CR1 
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Monocytes are recruited from the blood to sites of inflammation, where they contribute  
to wound healing and tissue repair. There are at least two subsets of monocytes: classical 
or proinflammatory (CCR2hiCX3CR1low) and nonclassical, patrolling, or alternative 
(CCR2lowCX3CR1hi) monocytes. Using spinning-disk confocal intravital microscopy and mice 
with fluorescent reporters for each of these subsets, we were able to track the dynamic 
spectrum of monocytes that enter a site of sterile hepatic injury in vivo. We observed that 
the CCR2hiCX3CR1low monocytes were recruited early and persisted for at least 48 h, form-
ing a ringlike structure around the injured area. These monocytes transitioned, in situ,  
from CCR2hiCx3CR1low to CX3CR1hiCCR2low within the ringlike structure and then entered  
the injury site. This phenotypic conversion was essential for optimal repair. These results 
demonstrate a local, cytokine driven reprogramming of classic, proinflammatory monocytes 
into nonclassical or alternative monocytes to facilitate proper wound-healing.

© 2015 Dal-Secco et al.  This article is distributed under the terms of an  
Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six 
months after the publication date (see http://www.rupress.org/terms). After six months  
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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in a bona fide sterile tissue injury. We have identified that 
only CCR2hiCX3CR1low monocytes are recruited to the  
injured liver followed by a cytokine-driven switch to CCR2low 
CX3CR1hi monocytes in the proximity of the lesion. This 
suggests local education and regulation of monocyte subtypes 
during the repair process.

RESULTS AND DISCUSSION
A tiny 0.02 ± 0.001 (SEM) mm3 sterile necrotic lesion was 
created in the liver with a thermal probe. Under basal condi­
tions, no resident neutrophils were seen patrolling the liver 
vasculature and unlike other tissues, no nonclassical CX3 
CR1hiCCR2low monocytes were detected patrolling the liver 
sinusoids. Unexpectedly, the liver had a resident population of 
patrolling CCR2hiCX3CR1low cells (Fig. 1 a, left and right; 

and low or absent CCR2 (CX3CR1hiCCR2low) and Ly6C 
(Geissmann et al., 2003; Sunderkötter et al., 2004). The 
CCR2hiCX3CR1low monocytes are believed to be selec­
tively recruited to inflamed tissues and produce high levels of  
inflammatory cytokines during infection or tissue damage  
and may become tissue macrophages (Palframan et al., 2001; 
Geissmann et al., 2003; Sunderkötter et al., 2004; Varga et al., 
2013; Hilgendorf et al., 2014), whereas the distinct CX3 
CR1hiCCR2low monocytes are thought to be primarily re­
parative, producing IL-10 in inflammatory milieus. They may 
become alternative macrophages (Arnold et al., 2007; Auffray 
et al., 2007).

We used spinning-disk fluorescent confocal intravital mi­
croscopy (SD-IVM) to track neutrophils and the two subsets 
of monocytes in an effort to examine their dynamic behavior 

Figure 1.  Neutrophils and monocytes traffic to site of hepatic sterile injury. (a, left) Mosaic of high-power images of CCR2+ cells in livers of 
Ccr2RFP/+ mice visualized by SD-IVM. Autofluorescent hepatocytes (green); RFP+ cells (red). Bar, 100 µm. (right) Magnification of area outlined in white. 
Bar, 50 µm. (b and c) Time lapse (0 to 4 h) images from a Ccr2RFP/+ (b) or a LysM-eGFP mouse (c) demonstrating the response of CCR2+ monocytes (red, b) 
or neutrophils (green, c) to focal hepatic injury (Sytox; green in b; propidium iodide; red in c). Bars, 200 µm. (d and e) Quantification of RFP+ monocytes 
(measured by % of area covered by RFP) either surrounding lesion (d) or within the lesion (e) following focal injury in Ccr2RFP/+ mice. Mice were  
pretreated with anti-Ly6G to deplete neutrophils or with Rat IgG2a as control. Error bars are the SEM. (d and e) Data are representative of at least  
four independent experiments.
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around the injured area (Fig. 1 b and Video 2). At 8 h, some 
RFP+ cells entered the injury site and persisted within the le­
sion for at least 48 h (Fig. 2 a, left). At 24 h, additional 
CCR2hiCX3CR1low monocytes, were observed to encircle 
the injured area (Fig. 2, a, left, d) and collectively consolidated 
to fill the injury site from 48 h onward (Fig. 2, a and e). In 
contrast, hundreds of neutrophils crawled through the sinu­
soids to the focal necrosis as previously described (McDonald 

and Video 1) that crawled within the vasculature at velocities 
similar to those previously described for nonclassical CX3CR1hi 
CCR2low monocytes (Auffray et al., 2007). However  
only 5% of these cells appear to be classic monocytes as  
assessed by both CCR2 and Ly6C (unpublished data). The 
remaining RFP+ cells were NK cells and some subsets of 
lymphocytes. Upon injury, the resident patrolling CCR2hi 
CX3CR1low monocytes, not NK or T cells, begin to accumulate 

Figure 2.  Proinflammatory monocytes home to site of sterile injury and facilitate tissue repair. (a–c) Images from 8 to 48 h after focal necrotic 
injury of the liver demonstrating the response of Ccr2RFP/+ (left) and Ccr2RFP/RFP monocytes (right). (a) CCR2-RFP monocytes (red), (b) necrotic cells (green), 
(c) overlay. Bars, 200 µm. Data are representative of at least four independent experiments. (d and e) Quantification of RFP monocytes in Ccr2RFP/+ and 
Ccr2RFP/RFP mice (measured by percentage of area covered by RFP) either surrounding lesion (d) or within the lesion (e). Data are representative of at least 
two independent experiments, each with three mice per group. (f) Quantification of dead cells (measured as percentage of area covered by Sytox green) 
within the lesion. (g) Quantification of monocytes per field of view (FOV) in the liver from sham-operated Ccr2RFP/+ and CcrRFP/RFP mice. (d–g) n = 6 mice 
per group; error bars are the SEM. (h) Monocytes were harvested from the bone marrow of Ccr2RFP/+ and Ccr2RFP/RFP mice, mixed 1:1 and i.v. transferred to 
a WT recipient 6 h after focal injury. 24 h after transfer, the ratio of Ccr2RFP/+:Ccr2RFP/RFP monocytes were measured in the blood and surrounding the liver 
injury. Data are representative of one experiment with three mice per group.

http://www.jem.org/cgi/content/full/jem.20141539/DC1
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Figure 3.  CCR2+CX3CR1+ double-positive monocytes surround and enter the site of hepatic sterile injury. (a-c) Representative images 
taken 8 to 72 h after focal injury to the liver of Ccr2RFP/+/Cx3cr1GFP/+ mice. (a) GFP, (b) RFP, and (c) overlay. Bars, 200 µm. (d) Extended focus image 
generated from a z-stack of the monocytic ring surrounding a focal injury in the liver of a Ccr2RFP/+/Cx3cr1GFP/+ mouse demonstrating a spectrum 
of monocytes (red, orange, yellow, and green). (a–d) Images are representative of at least six independent experiments. (e) Representative FACS 
analysis of cells isolated from biopsy punches of the focal necrotic injury sites 48 h after injury, confirming the presence of a spectrum of mono-
cytes. Pregated on size to exclude debris, viability, and CD11b+Ly6C+. (f) FACS analysis of cells obtained from the injury showing surface expres-
sion of CCR2 (top) and CX3CR1 (lower). Cells pregated on size, viability, Ly6GCD45+, and RFP+GFP+ followed by measurement of APC-conjugated 
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both dendritic cells and Ito cells. All of these Cx3cr1GFP/+ 
cells were outside the sinusoids and their morphology was 
easily distinguishable from monocytes (Lee et al., 2010). Fur­
thermore, very few infiltrating Cx3cr1GFP/+ monocytes were 
seen at 8 h and only a very subtle ring of cells became visible 
at 24 h (Fig. 3 a). By 48 h, a clear ring of Cx3cr1GFP/+ mono­
cytes was noted (Fig. 3 a) and their distribution was identical 
to the ring formed by the Ccr2RFP/+ monocytes (Fig. 2 a). 
Examination of the temporal relationship of the proinflam­
matory (CCR2hiCX3CR1low) and alternative (CX3CR1hi 
CCR2low) monocytes using the double reporter mouse, 
Ccr2RFP/+/Cx3cr1GFP/+, revealed that the CCR2hi cells (red) 
arrived and stayed at the injury site between 8 and 72 h after 
injury (Fig. 3 b), whereas the CX3CR1hi (green) cells became 
prevalent at 48 and 72 h (Fig. 3 a) with identical localization 
to the CCR2hi (red) cells. As shown in Fig. 3 c, there was a 
distinct yellow ring of monocytes at 48 h; this ring migrated 
into the injury site by 72 h. Because the ring was so densely 
packed with cells, it was difficult to determine whether the 
green cells were overlapping red cells (resulting in a yellow 
color) or whether there was a population of true yellow cells. 
Therefore, we used chimeric mice to dilute the ring with 
transgenic cells and observed, in a detailed 3-D reconstruc­
tion of the ring, that there was a very dynamic spectrum  
of cells ranging from red to orange to yellow to green cells 
(Fig. 3 d). It is worth noting that there were also some  
very large green cells which resemble the stellate or Ito cells 
(liver pericytes).

Clearly, the yellow ring was not simply a composition of 
overlapping distinct red or green monocytes but rather was 
made up of a spectrum of monocytes of varying hues (Fig. 3 d  
and Video 5). Interestingly, no green cells were ever seen  
infiltrating or crawling into the ring. This finding suggested 
the appearance of CX3CR1+ cells at the injury site resulted 
from an in situ switching of monocyte phenotypes from red 
to yellow to green within the cellular cluster surrounding  
injury site.

Harvests from multiple biopsies of injury sites confirmed 
not only the presence of CCR2+ monocytes by flow cytometry 
but also a vast population of double-positive CX3CR1+CCR2+ 
cells, suggesting a diverse spectrum of transitioning cells  
(Fig. 3 e). Only a few cells were exclusively green at this time 
point (Fig. 3 e). Because the RFP protein may have a longer 
half-life than membrane-associated CCR2 (perhaps CCR2 is 
internalized), we measured and report high levels of CCR2 
on the CX3CR1+ monocytes (Fig. 3 f). Ly6C staining re­
vealed a Ly6Chigh signal early in the injury but a progressive 
reduction of Ly6C staining with time (Fig. 3, g and h). We 
explored other tissues, including the spleen and lung under 

et al., 2010), completely infiltrating the injury within the first 
3–4 h (Fig. 1 c). The differences in temporal recruitment and 
cell migration dynamics suggest that neutrophils and mono­
cytes each have their own independent program of recruitment, 
a notion that was further supported by the observation that 
depletion of neutrophils had no impact on CCR2hiCX3CR1low 
monocyte recruitment (Fig. 1, d and e) and interventions to 
prevent monocyte recruitment had no effect on neutrophil 
recruitment (discussed in detail below).

Once the ring was formed, many CCR2hiCX3CR1low 
monocytes were seen meandering in and out of the ring in an 
apparently random pattern (Video 3). The CCR2 receptor 
was critical for this monocyte recruitment to the general area 
of the lesion, as CCR2-deficient (Ccr2RFP/RFP) mice had a 
significant reduction in monocyte recruitment to the injury 
site (Fig. 2, a, right, e; and Video 4) and abolition of the ring 
formation at later time points (Fig. 2 d). CCR2 has been 
shown to be critical for mobilization of monocytes from bone 
marrow during systemic models of inflammation; however, 
these same studies have not noted a decrease in basal levels of 
monocytes or macrophages in tissues (Tsou et al., 2007; Engel 
et al., 2008). Our injury is tiny by comparison and may 
not require mobilization of monocytes from bone marrow. 
Moreover, the number of CCR2hiCX3CR1low cells patrolling 
the liver vasculature under basal conditions was very similar 
in wild-type and Ccr2RFP/RFP mice (Fig. 2 g). Adoptive transfer 
of equal numbers of Ccr2RFP/+ and Ccr2RFP/RFP monocytes 
demonstrates a failure of CCR2-deficient cells to accumu­
late at the injury site despite their abundance in the blood  
(Fig. 2 h).

We next investigated the clearance of necrotic debris in 
this model. Quantification of propidium iodide (PI) staining 
confirmed that necrotic cells were removed over a 48-h pe­
riod. Labeling of necrotic cells with Sytox (Fig. 2b) was iden­
tical to PI but allowed for simultaneously imaging of CCR2+ 
monocytes (red) relative to the necrotic debris area (green; 
Fig. 2 b). Fig. 2 c (left) clearly shows that as the dead cells 
condense into a smaller area, the surrounding monocytic ring 
also condenses. To determine whether the diminution of the 
injury site was causally related to the monocytic infiltrate we 
used Ccr2RFP/RFP mice and noted a significant delay in debris 
clearance over the first 48 h after injury (Fig. 2, b and c [right] 
and h) versus wild-type (Fig. 2, b and c [left] and f).

Cx3cr1GFP/+ mice have revealed a population of resident 
monocytes that patrol the vasculature of tissues such as kid­
ney and skin and are recruited very rapidly in infectious mod­
els of disease (Auffray et al., 2007; Carlin et al., 2013). These 
cells were not present in liver under basal conditions, although 
we did observe large cells with ramified structures, presumably 

anti-CCR2 labeling (top) or pregated on size, viability, and Ly6GCD45+, CCR2+GFP+, followed by measurement of PE-conjugated anti-CX3CR1 
labeling (lower). (g) FACS analysis of CCR2+CX3CR1+ cells within the injury at the indicated time points. Cells pregated on size, viability,  
and Ly6GCD45+. (h) FACS phenotyping of the CCR2+CX3CR1+ cells 12 and 36 h after focal liver injury. Cells pregated on size, viability, and 
Ly6GCD45+. (i) FACS analysis of cells obtained 72 h after injury showing CD11b, Ly6C, and F4/80 expression. Cells pregated on size, viability,  
and Ly6GCD45+RFP+GFP+. All FACS data are representative of at least three independent experiments.

 

http://www.jem.org/cgi/content/full/jem.20141539/DC1
http://www.jem.org/cgi/content/full/jem.20141539/DC1
http://www.jem.org/cgi/content/full/jem.20141539/DC1
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basal conditions, but the majority of cells were either CCR2hi 
CX3CR1low or CX3CR1highCCR2low monocytes with very 
few double-positive yellow cells. A population of double-
positive monocytes could be detected in the bone marrow, 
where it has been postulated that CCR2hiCX3CR1low mono­
cytes return to and mature into CX3CR1highCCR2low mono­
cytes (Sunderkötter et al., 2004; Varol et al., 2007).

Biopsies of the injury at various time points allowed more 
complete characterization of the cell types and monocyte 
subpopulations. The RFP+ cells within the injury site were 
essentially all monocytes and not NK cells or lymphocytes. 
The monocytes showed a decrease in Ly6C between 12 and 
36 h after injury but retained high levels of CD11b, MHC 
class II, and CD64 (Fig. 3 h). The cells were not transitioning 
directly into macrophage as neither F4/80 nor Mertk could 
be detected on their surface. Even at 72 h, F4/80 was still ab­
sent on the majority of the Ly6Clo monocytes (Fig. 3 i).

To determine that observed yellow cells resulted from 
CCR2highCX3CR1low (red) cells changing into intermediate 
double-positive cells, we established an ex vivo procedure 
whereby we maintained a liver biopsy in oxygenated RPMI 
medium. One can clearly see a progression from reddish yel­
low to more-yellow-less-red over just a brief 2 h after the bi­
opsy harvest (Fig. 4, a and b; and Video 6). Because these 
biopsy explants were removed from the animal, the appear­
ance of new cell phenotypes is independent of any new cells 
arriving at the site supporting an in situ phenotype switch was 
occurring. The transition in individual cells occurred rapidly 
but not in unison, converting at different times over 24 h. Be­
cause the cells often migrate throughout the ring, some cells 
disappear over the tracking period (Fig. 4, a and b).

If the red CCR2highCX3CR1low monocytes transition to 
green CX3CR1highCCR2low monocytes, then blocking re­
cruitment of CCR2high cells should prevent CX3CR1high cells 
from appearing at the injury site. Indeed, using CCR2- 
deficient mice on the dual reporter background (Ccr2RFP/RFP/
Cx3cr1GFP/+) revealed complete inhibition of recruitment of 
not only the CCR2highCX3CR1low (red) cells but also of 
CX3CR1highCCR2low (green) monocytes and the spectrum of  
yellow cells at 8, 24, and 48 h after injury (Fig. 4 c). It is 
worth noting that the very large dendritic and stellate cells 
(green) were not affected by the CCR2 deficiency. A study 
has reported decreased alternative monocyte recruitment in 
CX3CR1-deficient mice (Auffray et al., 2007); however, 
Cx3cr1GFP/GFPCcr2RFP/+ mice revealed no reduction in this 
spectrum of monocytes and no change in clearance of necrotic 
cells (Fig. 4, d–f).

 

Figure 4.  Accumulation of reparative CX3CR1+ monocytes at the 
site of sterile injury is independent of the CX3CR1 receptor.  
(a) A 2 mm × 1 mm biopsy punch of the sterile injury site was harvested 
from a Ccr2RFP/+/Cx3cr1GFP/+ mouse 24 h after injury, maintained at 37°C, 
and 5% CO2 and imaged. Time-lapsed images demonstrate a shift from red 
to green in individual cells (arrows). Bar, 22 µm. Data are representative of 
two independent experiments. (b) Image of the injury border immediately 
after tissue harvest (left) and again after 2 h of culture at 37°C and 5% 
CO2 (right). Bar, 100 µm. Data representative of two independent experi-
ments. (c) Representative images taken from 8 to 48 h after focal liver 
injury demonstrating failure to recruit Ccr2RFP/RFP cells to a site of injury 

results in the lack of appearance of GFP+ cells in Ccr2RFP/RFP/Cx3cr1GFP/+ 
mice. (d and e) Quantification of GFP monocytes in Cx3cr1GFP/+ and 
Cx3cr1GFP/GFP mice (measured by percentage of area covered by GFP) either 
surrounding lesion (d) or within the lesion (e). (f) Quantification of dead 
cells (measured by percentage of area covered by Sytox orange) within 
the lesion. (d–f) n = 6 mice per group; error bars are the SEM.

http://www.jem.org/cgi/content/full/jem.20141539/DC1
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Clearly, local reprogramming of monocytes can occur at the 
site of sterile injury and may allow for the local environment to 
drive conversion from proinflammatory to repair phenotype as is 
needed. This may be the most efficient way of locally regulating 
restitution in the liver. Adoptively transferred Ly6Chigh mono­
cytes could become a repair macrophage during fibrosis, although 
some have suggested that these cells may have migrated to bone 
marrow and matured into Ly6Clow monocytes before reaching 
the injury site (Sunderkötter et al., 2004). Use of SD-IVM and 
reporter mice for two lineages of monocytes has allowed us 
to track and delineate temporal and spatial events and reveal a 
transition from CCR2highCX3CR1low to CX3CR1highCCR2low  
monocytes within the tissue microenvironment surrounding  
a focal sterile injury. This transition was dependent on a local  
milieu of cytokines and independent of the recruitment of addi­
tional cells to the injury site. It is worth mentioning that other  
studies have argued against the conversion of Ly6Chigh to Ly6Clow 
monocyte conversion in, for example, models of ischemic heart 
disease where sequential Ly6Chigh followed by Ly6Clow mono­
cyte recruitment was noted (Nahrendorf et al., 2007). Addi­
tionally, some studies have shown a transition from Ly6Chigh 
monocytes to Ly6Clow F4/80+ macrophage in skeletal muscle 
(Varga et al., 2013; Hilgendorf et al., 2014).

We hypothesized that monocyte reprogramming directly 
within the local environment was induced by cytokines. Nu­
merous groups have suggested that IL-10 and IL-4 are im­
portant for transitioning from M1 to M2 macrophage. Indeed,  
the use of blocking antibodies revealed that inhibiting IL-10 
and IL-4 in the local milieu delayed the transition from 
CCR2highCX3CR1low to CX3CR1highCCR2low monocytes 
(Fig. 5, a–d) suggesting that a similar program is important for 
monocyte conversion. Inhibition of IL-10 or IL-4 alone was 
insufficient to delay the transition. Importantly, clearance of 
necrotic material from within the lesion was also delayed 
when the monocytic switch was inhibited with anticytokine 
therapy (Fig. 5, e–g), suggesting that the progression from 
proinflammatory to alternative monocytes was fundamental 
to repair. Not only did preventing the monocytic switch delay 
debris clearance, but this failure to transition also inhibited col­
lagen redeposition within the injury using two photon mi­
croscopy at 72 h after injury. Although collagen had been 
restored in mice treated with an isotype control antibody 
(Fig. 5 h), there was a significant delay in the process when 
IL-4 and IL-10 were inhibited (Fig. 5, i and j). A similar delay 
in collagen redeposition was observed in Ccr2RFP/RFP mice at 
72 h after injury (unpublished data).

Figure 5.  CCR2+ monocytes transition 
into CCR2+CX3CR1+ monocytes at a site 
of sterile injury in the liver. (a and b) 
Conversion of RFP+ monocytes to RFP+GFP+ 
monocytes 48 h after focal liver injury in 
Ccr2RFP/+/Cx3cr1GFP/+ mice (a) or Ccr2RFP/+/
Cx3cr1GFP/+ mice treated with anti–IL-4  
and anti–IL-10-blocking antibodies (b).  
(c and d) Quantification of the percentage 
of each image corresponding to each of 
denoted hue in Ccr2RFP/+/Cx3cr1GFP/+ mice 
(c) or Ccr2RFP/+/Cx3cr1GFP/+ mice treated with 
anti–IL-4 and anti–IL-10 blocking antibod-
ies (d). (e and f) Clearance of cellular debris 
48 h after injury in control mice (e) and in 
anti–IL-4– and anti–IL-10–treated mice (f).  
(g) Quantification of dead cells (measured 
by percentage of area covered by Sytox 
green) within the lesion 48 h after injury. 
Bars, 200 µm; data are representative of 
three independent experiments. (h and i). 
Representative images of collagen in the 
liver of WT mice 72 h after focal injury. 
Mice treated with either an isotype control  
antibody (h) or anti–IL-4 and anti–IL-10-
blocking antibodies (i). Injury border  
delineated with a dashed white line.  
(j) Quantification of collagen deposition 
within the burn 72 h after injury. Values 
expressed as a percentage of burn area 
covered by collagen. n > 3 mice per group; 
error bars, SEM. (h–j) Data representative  
of two independent experiments.
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Preparation of the mouse liver for intravital microscopy. Intravital 
microscopy of the mouse liver was performed as previously described (Wong 
et al., 1997; Jenne et al., 2011). In brief, mice were anesthetized by i.p. injec­
tion of 200 mg/kg ketamine (Bayer Animal Health) and 10 mg/kg xylazine 
(Bimeda-MTC). After anesthesia, the right jugular vein was cannulated for 
maintenance of anesthetic and to permit the delivery of fluorescently labeled 
antibodies in certain experiments. Mouse body temperature was maintained 
on a special board thermostatically controlled at 37°C, with a transparent 
platform on which the hepatic tissue was placed. A midline incision followed 
by a lateral incision along the costal margin to the midaxillary line was per­
formed to expose the liver. The mouse was place in a right lateral position 
and the ligaments attaching the liver to the diaphragm and the stomach were 
cut allowing the liver to be externalized onto a glass coverslip on the in­
verted microscope stage. Exposed abdominal tissues were covered with  
saline-soaked gauze to prevent dehydration. The liver was draped with a  
saline-soaked KimWipe and continuously superfused with physiological 
warm saline buffer to avoid tissue dehydration and to help restrict movement 
of the tissue on the slide. Exposed tissues were imaged by SD-IVM as de­
scribed previously (Jenne et al., 2011). Typical laser power, exposure time 
and sensitivity settings are as follows; green channel (GFP+ cells, 80%, 455 ms, 
199; Sytox Green, 80%, 343 ms, 88; Alexa Fluor-488 anti-CD31, 80%, 
343 ms, 199), red channel (RFP+ cells, 80%, 455 ms, 199; Sytox Orange 
and PI, 80%, 343 ms, 88), far red channel (CD31–Alexa Fluor-647, 80%, 
343 ms, 199).

3D model generation. Z-stacks of x–y planes (0.5-µm intervals) were im­
aged using an inverted spinning-disk confocal microscope or intravital multi­
photon excitation microscope using either an ASI focus drive (Applied 
Scientific Instrumentation) or Olympus focus drive (Olympus). 3D isosurface 
models of monocytes or collagen in the liver were rendered within the Voloc­
ity software package (Improvision) using the 3D-opacity option. The same 
Black Level settings for each fluorescence channel were applied to all images. 
For 3D videos, individual frames were rendered using the default photobleach­
ing compensation function within the Volocity software package.

Image processing. Images were exported from the Volocity acquisition 
software as TIF images and imported directly into the ImageJ software pack­
age V1.41 (National Institutes of Health) for analysis. Display items were 
processed using Photoshop (Adobe) to adjust the minimum threshold values 
for each of the fluorescence channels with the same threshold values being 
applied to images from all treatment groups within a single experiment. Videos 
underwent contrast enhancement within the Volocity software package, 
adjusting the Black Point for each fluorescence channel with the same set­
tings being applied to the videos of all groups within a given experiment.

Semiquantitative analysis of monocytes and necrotic cells. Snapshots 
were generated from intravital videos and images corresponding to the red 
fluorescence channel alone (RFP+ cells; Sytox Orange or PI) or green fluor­
escence channel alone (GFP+ cells or Sytox Green) were exported for analy­
sis in ImageJ. Image contrast was set to maximum to sharply define the 
borders of monocytes or dead cells. To account for variability in background 
f luorescence between experiments, and to eliminate f luorescence attributed 
to rapidly transiting monocytes, the minimum brightness threshold was ad­
justed for each single experiment with the same threshold being applied to 
all groups within a single experiment. Monocyte accumulation was then de­
termined for each region (within the lesion or within a 100-µm-wide region 
surrounding the injury) and is expressed as percentage of the area labeled 
with either RFP (CCR2+ cells) or GFP (CX3CR1+ cells). The necrotic area 
is expressed as percentage of the lesion stained with a cell death marker 
(Sytox Green, Sytox Orange, or PI).

Competitive recruitment of adoptively transferred monocytes. Bone 
marrow cells were harvested from Ccr2RFP/+ and Ccr2RFP/RFP mice. Mono­
cytes were isolated by monocyte isolation kit (Miltenyi Biotec). Flow cy­
tometry confirmed >90% cells are Ly6C+ CD11b+ RFP+ after isolation. 

Importantly, our data demonstrate a continuum of mono­
cyte phenotypes rather than the two circumscribed profiles 
originally proposed. In this work, although only sterile injury 
was investigated in detail we do see similar responses in a pre­
liminary series of data in an S. aureus model of liver infection. 
The responses to sterile injury and infection have been driven 
by millions of years of evolution and interestingly, both con­
verge on a similar pathway. This convergence likely reflects an 
optimal immune and repair response. Our new understanding 
of monocyte plasticity within the tissue microenvironment 
could potentially open the door to novel targets of therapeutic 
intervention in cancer and other disease states.

MATERIALS AND METHODS
Mice. C57BL/6, LysM-eGFP (knock-in), and Cx3cr1GFP/+ (knock-in) mice 
were obtained from The Jackson Laboratory. The generation of the Ccr2RFP/+ 
(knock-in) mice have been described previously (Saederup et al., 2010). Animals 
were maintained in a specific pathogen–free facility at the University of Calgary 
Animal Resource Centre. All experiments involving animals were approved by 
the University of Calgary Animal Care Committee and were in compliance 
with guidelines established by the Canadian Council for Animal Care.

Antibodies and stains. Purified anti–mouse-Ly6G (clone 1A8), anti–mouse-
IL-4 (clone 11B11), and anti–mouse-IL-10 (clone JES5-2A) were purchased 
from Bio X Cell; purified rat IgG2A (clone R35-95) and anti-CD16/CD32 
(Fc block, clone 2.4G2) were purchased from BD. FITC-conjugated anti–
mouse-CD31 (clone 390), PE-conjugated anti–mouse Ly6C (clone HK1.4), 
APC-eFluor-780 anti–mouse CD45 (clone 30-F11), eFluor-450-conjugated 
anti–mouse Ly6G (clone RB6-8C5), and eFluor-660–conjugated anti–mouse 
F4/80 (clone BM8) were purchased from eBioscience. FITC-conjugated 
rat anti–mouse CD11b (clone M1/70), PE-conjugated anti–mouse I-A/I-E 
(clone M5/114.15.2) and Alexa Fluor-647–conjugated anti–mouse CD64a/b 
(clone X54-5/7.1) antibodies were purchased from BD. APC-conjugated 
anti–mouse CCR2 (clone 47301) and APC-conjugated anti–mouse Mertk 
(clone 108928) antibodies were purchased from R&D Systems. PE-conjugated 
anti–mouse Cx3CR1 (clone SA011F11) antibodies were purchased from Bio­
Legend. Sytox Green, Sytox Orange (DNA dyes), and CellTracker Green 
CMFDA Dye were purchased from Invitrogen. Propidium iodide (PI) was 
purchased from Sigma-Aldrich.

Depleting and blocking antibody treatments. For neutrophil deple­
tion, mice were administered either with 200 µg purified anti-Ly6G (1A8) 
or isotype control (IgG2a) i.p. 24 h and 1 h before injury induction and again 
24 h after injury induction. For IL-4/IL-10 blocking experiments, mice 
were administered 500 µg purified anti–IL-4 together with 500 µg purified 
anti–IL-10, or they were administered 1 mg isotype control anti–mouse 
IgG1 i.p. at 12 and 24 h after injury induction.

Sterile inflammation induced by focal necrotic injury. Sterile inflam­
mation induced by thermal injury in the liver was performed as described 
previously (McDonald et al., 2010). In brief, mice were anesthetized with 
isoflurane and a small incision was made just below the level of the dia­
phragm to expose the liver. A single focal injury was induced on surface of 
the liver to a depth of 80 µm using the tip of a heated 30-guage needle 
mounted on an electro-cautery device. In some experiments, necrotic cells 
were immediately labeled with a single application of 50 µl of 2.5 µM PI or 
0.3 µM Sytox Green or Sytox Orange on the surface of the hepatic injury, 
followed by spinning-disk confocal intravital microscopy (SD-IVM). For other 
experiments, the incision was sutured closed and animals were allowed to re­
cover for imaging of later time points (8–72 h) after injury. For sham experi­
ments, animals underwent the same surgical procedure; however, no thermal 
injury was induced.
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is time-lapsed imaging demonstrating the in situ phenotype conversion of 
monocytes recruited to a site of injury. Online supplemental material is avail­
able at http://www.jem.org/cgi/content/full/jem.20141539/DC1. 
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