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Abstract Inflammatory chemokines and their receptors are central to the development of
inflammatory/immune pathologies. The apparent complexity of this system, coupled with lack of
appropriate in vivo models, has limited our understanding of how chemokines orchestrate inflam-
matory responses and has hampered attempts at targeting this system in inflammatory disease.
Novel approaches are therefore needed to provide crucial biological, and therapeutic, insights into
the chemokine-chemokine receptor family. Here, we report the generation of transgenic multi-
chemokine receptor reporter mice in which spectrally distinct fluorescent reporters mark expression
of CCRs 1, 2, 3, and 5, key receptors for myeloid cell recruitment in inflammation. Analysis of these
animals has allowed us to define, for the first time, individual and combinatorial receptor expression
patterns on myeloid cells in resting and inflamed conditions. Our results demonstrate that chemo-
kine receptor expression is highly specific, and more selective than previously anticipated.

Editor's evaluation

The manuscript describes the potential of unique multi-chemokine receptor reporter mice to track
CCR expression dynamics in myeloid cells in steady state and inflammatory conditions which may
overcome some existing limitations to finding accurate antibodies for these receptors. This paper
will be of broad interest to investigators studying the role of chemokines and their receptors in
animal models of human disease. The conclusions of the authors are generally well-supported by the
data and provide novel and important insights into the hierarchy of chemokine receptor expression
during the recruitment of myeloid cells to sites of inflammation.

Introduction

Chemokines, and their receptors, are primary regulators of in vivo leukocyte migration and central
orchestrators of innate and adaptive immune responses (Griffith et al., 2014; Rot and von Andrian,
2004). Chemokines are defined by a conserved cysteine motif and subdivided into CC, CXC, CX,C,
and XC subfamilies according to the specific configuration of this motif (Bachelerie et al., 2014,
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Rot and von Andrian, 2004). Chemokines signal through seven-transmembrane spanning G protein-
coupled receptors expressed by immune and inflammatory cells (Bachelerie et al., 2014; Rot and
von Andrian, 2004), and these receptors are named according to the subfamily of chemokines with
which they interact (CCR, CXCR, XCR, and CX;CR).

Chemokines and their receptors can be functionally classified as either homeostatic or inflammatory
according to the in vivo contexts in which they function (Mantovani, 1999; Zlotnik and Yoshie, 2000).
Inflammatory chemokines and their receptors mediate leukocyte recruitment to inflamed, damaged,
or infected sites and are prominent contributors to a large number of autoimmune and inflammatory
diseases (Viola and Luster, 2008). Chemokine receptors therefore represent important therapeutic
targets (Proudfoot et al., 2015). However, to date, only two chemokine receptor antagonists have
been approved for therapeutic use (Plerixafor, targeting CXCR4, and Maraviroc, targeting CCR5), and
no antagonists have yet been approved for treating immune/inflammatory disease (Bachelerie et al.,
2014). There are a number of explanations for this failure (Schall and Proudfoot, 2011), prominent
amongst which is the fact that inflammatory chemokine and chemokine receptor biology is highly
complex. For example, multiple chemokines are simultaneously expressed at inflamed sites and these
interact in a complex, and poorly understood, manner with different inflammatory chemokine recep-
tors (Bachelerie et al., 2014). To complicate matters further, reports in the literature indicate that
distinct leukocyte subsets simultaneously express multiple chemokine receptors (Bachelerie et al.,
2014; Griffith et al., 2014). As a result of this complexity it is currently difficult to precisely define in
vivo roles for inflammatory chemokine receptors and we therefore lack a clear understanding of their
integrated involvement in the orchestration of the inflammatory response.

The current study focuses on four inflammatory CC chemokine receptors (iCCRs) (Dyer et al.,
2019): CCR1, CCR2, CCR3, and CCR5, which exemplify the ligand-receptor interaction complexity
noted above. Collectively, these receptors direct non-neutrophilic myeloid cell trafficking at rest and
during inflammation (Pease, 2011; Shi and Pamer, 2011) and are key players in inflammatory diseases.
However, the resting and inflamed expression of these receptors on individual leukocyte populations
has not been clearly defined. In addition, their individual roles in leukocyte mobilisation, recruitment,
and intra-tissue dynamics are still unclear. The use of knockout mice to study their function has been
confused by partial phenotypes and conflicting results (Bennett et al., 2007, Humbles et al., 2002,
Ma et al., 2002; Pope et al., 2005; Rottman et al., 2000; Tran et al., 2000), leading to suggestions
of redundancy in their function. There is therefore a pressing need to develop powerful novel tools
to precisely define the temporo-spatial patterns of expression of these receptors at rest and during
inflammation and in so doing to precisely delineate their roles in the physiological and pathological
inflammatory response.

Here, we report the generation of an iCCR reporter (iCCR-REP) mouse strain expressing spectrally
distinct fluorescent reporters for CCR1, CCR2, CCR3, and CCR5. We have used these mice to provide,
for the first time, a comprehensive analysis of iCCR expression on bone marrow (BM), peripheral
blood, and tissue-resident myeloid cells at rest and during inflammatory responses. In contrast to
published data, our analysis indicates selective receptor expression in individual cell types, in resting
and acute inflammatory contexts and suggests little, if any, redundancy in function. We propose that
these mice represent a transformational addition to the suite of mouse models available for analysing
inflammatory chemokine receptor function in vivo and that they will be instrumental in helping to
deconvolute the complexity of the chemokine-driven inflammatory response in a variety of patholog-
ical contexts.

Results

Generation of iCCR-reporter mice

The inflammatory Ccr genes are organised in a single 170 kb genomic cluster, which contains no
other genes and which is highly conserved among mammals (Nomiyama et al., 2011) and located
on mouse chromosome 9. To produce the iCCR-reporter (iCCR-REP) mice, we generated a recombi-
neered version of a bacterial artificial chromosome (BAC) encompassing the cluster (inflammatory Ccr
gene-REP cluster), in which the coding sequence of each of the inflammatory Ccr genes was replaced

with sequences encoding spectrally distinct fluorescent proteins. The reporters used in this study
[mTagBFP2 (Subach et al., 2011), Clover, mRuby2 (Lam et al., 2012), and iRFP682 (Shcherbakova
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and Verkhusha, 2013)] were selected on the basis of their discrete excitation and emission spectra
(Figure 1A). Using counterselection recombineering (Wang et al., 2014), Ccr1 was replaced with
Clover, Ccr2 with mRuby2, Ccr3 with mTagBFP2, and Ccr5 with iRFP682 (Figure 1Bi and ii). Trans-
genic iCCR-REP mice were generated by pro-nuclear injection of the inflammatory Ccr gene-REP BAC
(Figure 1Biii). Using targeted locus amplification (TLA) (de Vree et al., 2014), the inflammatory Ccr
gene-REP cluster was located to chromosome 16:82389380-82392016 (Figure 1Ci), where 5-8 copies
of the BAC were inserted in a head-tail manner. Insertion of the inflammatory Ccr gene-REP clusters
lead to the deletion of a 2.5 kb genomic region that contained no coding or regulatory sequences
(Figure 1Cii).

Thus, using recombineering, we have generated transgenic (iCCR-REP) mice expressing spectrally
distinct reporters for each of the iCCRs.

The iCCR-REP mice maintain the original inflammatory Ccr gene cluster on chromosome 9. To
confirm that the transgene does not interfere with normal iCCR-dependent myeloid cell recruit-
ment, we examined myeloid cell population sizes in different tissues by flow cytometry (gating
strategies: Figure 1—figure supplements 1 and 2). Analysis of resting mice demonstrated that the
myeloid cell content in these tissues was indistinguishable between iCCR-REP and wild type (WT)
animals for all populations analysed (Figure 1—figure supplement 3). Next, we tested for possible
effects of the transgene on myeloid cell recruitment to inflamed sites. To this end we used two
different models. First, we used the air-pouch model of inflammation, involving the generation of
an air cavity under the dorsal skin of the mouse and the injection of carrageenan into the cavity to
induce inflammation. In line with the results obtained from resting tissues, analysis of the myeloid
cell content in the membrane surrounding the inflamed air-pouch, as well as in the fluid collected
from the inflamed cavity, showed no differences between iCCR-REP and WT animals (Figure 1D).
We also analysed cellular content in inflamed lungs of mice that received an intranasal dose of PBS
(control) or lipopolysaccharide (LPS). The data generated demonstrate a reduction in the relative
percentage of monocytes, macrophages, and neutrophils in the LPS-treated lungs, along with an
expected reduction in relative percentages of alveolar macrophages and dendritic cells (Figure 1E).
In keeping with previous reports (Righetti et al., 2018), eosinophils were not recruited to the lung
in response to acute LPS. Again, no differences were observed between iCCR-REP and WT animals
in the relative percentage of any of the populations measured in either control, or LPS-treated,
lungs.

Together, these data demonstrate that iCCR-REP mice have normal iCCR-dependent myeloid cell
recruitment/migration dynamics at rest and under inflammatory conditions.

iCCR-reporter expression accurately replicates iCCR surface
presentation

To confirm that reporter expression faithfully recapitulates iCCR surface presentation, we
compared iCCR antibody binding and iCCR reporter expression by flow cytometry (gating strate-
gies: Figure 1—figure supplements 1A and 2B). As shown in Figure 2A, the majority of splenic
Ly6Ch monocytes from resting WT mice displayed anti-CCR2 antibody staining and essentially all
mRuby2/CCR2 expressing Ly6C" monocytes in iCCR-REP mice were co-positive for CCR2 antibody
staining. Background autofluorescence was undetectable in WT or iCCR-deficient (iCCR-def) mice
(these mice are homozygous for a deletion encompassing the entire iCCR locus; Dyer et al., 2019)
although we routinely detected non-specific antibody staining on iCCR-def cells. Similar results were
obtained when analysing splenic SiglecF* eosinophils for expression of mTagBFP2/CCR3. Splenic
iCCR-REP eosinophils expressing mTagBFP2 simultaneously displayed surface CCR3 antibody
staining (Figure 2B). CCR1 and CCR5 were difficult to detect in splenocytes and were therefore anal-
ysed in the kidney in which tissue both reporters were expressed on CD11b*F480* macrophages.
iCCR-REP macrophages expressing iRFP682 simultaneously showed surface CCR5 antibody staining
(Figure 2C) and low-level non-specific antibody staining was observed on iCCR-def cells. Clover/
CCR1 was detected on kidney CD11b*F480* macrophages of iCCR-REP mice (Figure 2Di and ii).
However, in our hands, no commercially available antibodies were able to detect CCR1 on any
tissues analysed. For that reason, we used RNAscope to confirm expression of CCR1 on kidney cells.
As shown in Figure 2Diii and iv, CCR1 transcripts were clearly detectable on WT and iCCR-REP, but
not iCCR-def kidney sections.
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Figure 1. Generation of the reporter mice. (A) Reporters were selected for this study based on their discrete excitation and emission spectra. (B) (i) The
inflammatory Ccr genes were targeted in a bacterial artificial chromosome (BAC). (i) The coding sequence of each inflammatory Ccr was replaced with a
different fluorescent reporter (ii). (iii) Pro-nuclear injection was then used to generate the transgenic reporter mice. (C) (i) The inflammatory Ccr gene-REP
cluster inserted into chromosome 16 (red circle), as determined by targeted locus amplification (TLA). The blue circle represents the endogenous locus.

Figure 1 continued on next page
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Figure 1 continued

(i) The insertion site does not contain any other genes or regulatory regions. (D) Leukocyte counts determined by flow cytometry in the inflamed air-
pouch. Data are shown for (i) the membrane that surrounds the air-pouch and for (i) the lavage fluid. (E) Leukocyte counts determined by flow cytometry
in PBS- or LPS-treted lungs. Data on D and E are shown as mean + SEM and are compiled from at least two separate experiments. Normally distributed
data were analysed using unpaired t-test with or without Welch's correction, according to their standard deviations. Not normally distributed data were
analysed using Mann-Whitney or Kolmogorov-Smirnoy, according to their standard deviations. Each data point represents a measurement from a single
mouse (N=15-18 in D; N=4-6 in E). Abbreviations are: Monos, monocytes; Macs, macrophages; Neu, neutrophils; Eos, eosinophils; DCs, dendritic cells;
Alv macs, alveolar macrophages. See also Figure 1—figure supplement 3.

The online version of this article includes the following figure supplement(s) for figure 1:
Figure supplement 1. Gating strategies used in the study.
Figure supplement 2. Gating strategies used in the study.

Figure supplement 3. Normal leukocyte recruitment in the reporter mice.

Thus, these data confirm that expression of the reporters in the iCCR-REP mice faithfully reflects
iCCR expression and surface presentation. These mice, therefore, represent a unique, and validated,
resource to examine individual and combinatorial iCCR expression in leukocytes.

BM and circulating leukocytes express specific iCCRs

Next, we used flow cytometric analysis to examine iCCR expression in the iCCR-REP mice with WT
littermates as controls for background autofluorescence. We first determined iCCR reporter expres-
sion in myeloid cells from resting BM and blood. Cell suspensions were prepared from both compart-
ments and stained with leukocyte subset-specific antibodies (gating strategies: Figure 1—figure
supplement 1B). We initially assessed iCCR reporter expression in Ly6C" monocytes. As expected,
and in agreement with previous reports (Geissmann et al., 2003; Saederup et al., 2010), the majority
of Ly6C" monocytes were positive for mRuby2/CCR2, in BM and in blood. mTagBFP2/CCR3 and
iRFP682/CCR5 were not detected on monocytes. However, Clover/CCR1 was seen on a small number
of Ly6C" monocytes, representing approximately 3% of the population (Figure 3Ai-iv). Interestingly,
in all cases, Clover was co-expressed with mRuby?2 (Figure 3Av-vii).

SiglecF* eosinophils exclusively expressed mTagBFP2/CCR3 (Figure 3Bi) from the reporter cluster.
However, only approximately 50% of the population expressed this reporter in the BM (Figure 3Bii),
while levels increased as cells entered the circulation, where the majority of eosinophils now expressed
mTagBFP2 (Figure 3Biii). We did not detect expression of any of the iCCR reporters in resting Ly6G*
neutrophils (data not shown).

Thus, the iCCR-REP mice demonstrate that, with the exception of a small population of monocytic
cells, individual iCCRs display selective association with discrete myeloid lineages in BM and periph-
eral blood.

iCCR expression in resting tissues
Expression of the iCCR reporters was next assessed in resident myeloid cell populations of resting
lungs and kidneys (gating strategies: Figure 1—figure supplement 2). The majority of Ly6C" mono-
cytes from resting lungs expressed mRuby2/CCR2, with only a very small fraction co-expressing Clover/
CCR1 or iRFP682/CCR5 (Figure 4Ai-iii and Figure 4—figure supplement 1). In contrast, a high
proportion of the monocyte-derived CD11b*F480*MHCII* interstitial macrophages (IMs) (IMs defined
as in Chakarov et al., 2019; Gibbings et al., 2017; Schyns et al., 2019) expressed Clover/CCR1 and
iRFP682/CCR5, with only a small fraction expressing mRuby2/CCR2 (Figure 4Bi-iv). Interestingly, in
this case, Clover/CCR1 and iRFP682/CCR5 are mainly expressed independently of mRuby2/CCR2
(Figure 4Bv and Figure 4—figure supplement 1), suggesting that macrophages downregulate CCR2
and induce CCR1 and CCRS5 as they differentiate from infiltrating monocytes. In line with these find-
ings, we observed that the mean fluorescence intensity (MFI) of mRuby2 in CCR2" IMs was lower than
that in mRuby2/CCR2* monocytes (Figure 4Bvi). This confirms that the CCR2 downregulation does
not simply reflect reduction in the number of macrophages expressing the receptor but also reduced
expression.

Similar results were obtained from resting kidneys. Again, Ly6C" monocytes expressed almost exclu-
sively mRuby2/CCR2, with only some co-expressing Clover/CCR1 or iRFP682/CCR5 (Figure 5Ai-iii
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Figure 2. Inflammatory CC chemokine receptor (iCCR) reporter expression accurately mirrors iCCR surface presentation. (A) (i) Flow cytometric analysis
of CCR2 antibody binding and mRuby?2 expression in spleen Ly6C" monocytes at rest. (i) Quantification of the percentage of LyéC" monocytes
binding CCR2 antibody and expressing mRuby?2. (B) (i) Flow cytometric analysis of CCR3 antibody binding and mTagBFP2 expression in spleen
SiglecF" eosinophils at rest. (i) Quantification of the percentage of SiglecF* eosinophils binding CCR3 antibody and expressing mTagBFP2. (C) (i) Flow

Figure 2 continued on next page
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Figure 2 continued

cytometric analysis of CCR5 antibody binding and iRFP482 expression in kidney CD11b*F4/80" macrophages at rest. (i) Quantification of the percentage
of CD11b*F4/80" macrophages binding CCR5 antibody and expressing iRFP682. (D) (i) Flow cytometric analysis of Clover expression in kidney
CD11b*F4/80* macrophages at rest. (i) Quantification of the percentage of CD11b*F4/80* macrophages expressing Clover. (iii) Brightfield images of
resting kidneys showing CCRT mRNA molecules detected by RNAscope analysis in the form of red precipitate dots (arrows). (iv) CCRT mRNA molecule
counts per field of view. Data information: data on Aii, Bii, Cii, Dii, and Div are shown as mean + SD and are compiled from at least two separate
experiments (N=4-7 in A, B and C: N=2-3in D).

and Figure 5—figure supplement 1). However, monocyte-derived CD11b*F480" macrophages
(Puranik et al., 2018) mainly expressed Clover/CCR1 and iRFP682/CCRS5, with only a small fraction
retaining mRuby2/CCR2 expression (Figure 5Bi-v and Figure 5—figure supplement 1). Consistent
with the observations in lung, the mRuby2/CCR2* macrophages expressed lower mRuby2/CCR2 levels
than Ly6C" monocytes as confirmed by the lower MFI for mRuby2 in this population (Figure 5Bvi).
Together, these results suggest that this iCCR reporter expression pattern is consistent across different
tissues under resting conditions.

We next assessed iCCR reporter expression in lung CD11b"F480*MHCII™ IMs (Chakarov et al.,
2019). As shown in Figure 4—figure supplement 2, FA80"MHCII" IMs expressed reporters for CCRs
1, 2, and 5 (Figure 4—figure supplement 2Ai-iv). FA80*MHCII" IMs expressed iRFP682/CCRS5, but
Clover/CCR1* and mRuby2/CCR2* cells were less abundant (Figure 4—figure supplement 2Bi-iv).
This pattern is similar to that of MHCII** IMs, suggesting that F480*MHCII"" IMs also downregulate
CCR2 as they differentiate from F480"°MHCII™ IMs. In line with this, co-expression of Clover/CCR1
or iRFP682/CCR5 with mRuby2/CCR2 was more apparent in F480°MHCII" than in F480*MHCII" IMs
(Figure 4—figure supplement 2Ci-iv).

To further confirm this pattern, we generated GM-CSF-derived macrophages and DCs from BM
of iCCR-REP mice. As shown in Figure 4—figure supplement 2, and in line with previous findings,
freshly extracted BM Ly6C" monocytes expressed mRuby2/CCR2 almost exclusively, with only a small
fraction co-expressing Clover/CCR1 (Figure 4—figure supplement 2D). After 2 days in culture with
GM-CSF, Ly6C" monocytes retain expression of mRuby2/CCR2 but induce Clover/CCR1 and iRFP682/
CCRS5, with approximately 40% of the cells co-expressing all three reporters (Figure 4—figure supple-
ment 2D). At this time point, CD11c"* precursors are already detectable in cultures. These precursors
express Clover/CCR1 and iRFP682/CCR5 to a higher extent than observed in Ly6C" monocytes, with
65% of the population co-expressing reporters for CCRs 1, 2, and 5 (Figure 4—figure supplement 2D).
By day 9 in culture, fully mature CD11c*/MHCII*™* monocyte-derived dendritic cells (moDCs) express
mainly Clover/CCR1 and iRFP682/CCR5, which are now detected independently from mRuby2/CCR2
in over 50% of the cells (Figure 4—figure supplement 2D). Finally, we tested the monocyte downreg-
ulation of mRuby2/CCR2 and macrophage upregulation of Clover/CCR1 and iRFP682/CCRS5 in vivo.
To this end (Figure 4—figure supplement 3A and B), we adoptively transferred mRuby2/CCR2+ve
monocytes (which are -ve for iRFP682/CCRS5, and only a small fraction expresses Clover/CCR1) from
the reporter mice into WT air-pouches. We then reclaimed cells 3 days later and examined macro-
phages for reporter expression by flow cytometry. As shown in Figure 4—figure supplement 3, and
in contrast to the adoptively transferred precursor monocytes, the progeny macrophages now express
substantial levels of Clover/CCR1 and iRFP682/CCR5 reporters. This experiment further reinforces
the notion that CCR2+ve monocytes progressively express CCR1 and CCR5 as they differentiate to
macrophages.

At rest, lung eosinophils only expressed mTagBFP2/CCR3 (Figure 4—figure supplement 2Di-ii),
whereas alveolar macrophages did not express any of the iCCR reporters (data not shown). We did
not detect expression of any of the iCCR reporters in lung or kidney neutrophils (data not shown).

Thus, these data demonstrate that, whilst classical monocytes (in contrast to nonclassical mono-
cytes) predominantly express CCR2, they downregulate this receptor and upregulate CCR1 and CCR5
as they differentiate. In keeping with the observations from blood and BM, eosinophils within tissues
are positive only for CCR3.

iCCR expressing cells can be directly visualised in tissues
The above analyses focused on flow cytometric evaluation of iCCR-REP expression. However, we
next determined whether these mice are also appropriate for direct visualisation and localisation of
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Figure 3. Inflammatory CC chemokine receptor (iCCR) expression in bone marrow and blood leukocytes at rest. (A) Flow cytometric analysis of Clover/
CCR1 and mRuby?2/CCR2 expression in (i) bone marrow and (jii) circulating Ly6C" monocytes. Quantification of the percentage of Ly6C" monocytes
expressing the fluorescent reporters in (i) bone marrow and (iv) blood. (v) Flow cytometric analysis of Clover/CCR1 and mRuby2/CCR2 co-expression in
bone marrow and circulating LyéC" monocytes. Distribution of Clover and mRuby?2 in (vi) bone marrow and (vii) circulating Ly6C" monocytes. (B) (i) Flow
cytometric analysis of mTagBFP2/CCR3 expression in bone marrow and circulating SiglecF* eosinophils. Quantification of the percentage of SiglecF*
eosinophils expressing the iCCR reporters in (i) bone marrow and (jii) blood. Data on A-B are compiled from at least three separate experiments. Data

Figure 3 continued on next page
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Figure 3 continued
on Aii, Aiv, Bii, and Biii are shown as mean + SEM (N=10). Each data point represents a measurement from a single mouse. Blots in Ai, Aiii, and Bi are
combinatorial blots showing reporter expression in iCCR-REP and wild type (WT) (control for background autofluorescence) mice.
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Figure 4. Inflammatory CC chemokine receptor (iCCR) expression in resting lung. (A) (i) Flow cytometric analysis of mRuby2/CCR2 expression in

Ly6C" monocytes. (ii) Quantification of the percentage of Ly6C" monocytes expressing the iCCR reporters. (ii) Distribution of the iCCR reporters in
Ly6C" monocytes. (B) Flow cytometric analysis of (i) Clover/CCR1, (i) mRuby2/CCR2, and (iii) iRFP682/CCR5 expression in F4/80" macrophages. (iv)
Quantification of the percentage of F4/80" macrophages expressing the iCCR reporters. (v) Distribution of the iCCR reporters in F4/80* macrophages.
(vi) mRuby2/CCR2 mean fluorescence intensity from Ly6C" monocytes and F4/80* macrophages. (vii) Lung leukocytes expressing CCR2 exclusively (white
arrow), CCR1 and CCR5 (chevron) or CCR5 exclusively (yellow arrow). Data in A-B are compiled from at least two separate experiments. Data on Alii,

Biv, Bvi are shown as mean + SEM (N=10). Each data point represents a measurement from a single mouse. Blots in Ai, Bi, Bii, and Biii are combinatorial
blots showing reporter expression in iCCR-REP and wild type (WT) (control for background autofluorescence) mice. Data on Bvi were analysed using
unpaired t-test. **p<0.01. See also Figure 4—figure supplement 2 and , Figure 4—figure supplement 4.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Reporter co-expression in resting tissues.

Figure supplement 2. Inflammatory CC chemokine receptor (iCCR) expression in resting lung.

Figure supplement 3. Inflammatory CC chemokine receptor (iCCR) expression in monocytes and macrophages during differentiation.

Figure supplement 4. Inflammatory CC chemokine receptor (iCCR) reporters are readily visualised in tissues.
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Figure 5. Inflammatory CC chemokine receptor (iCCR) expression in resting kidney. (A) (i) Flow cytometric analysis of mRuby2/CCR2 expression in
Ly6C" monocytes. (ii) Quantification of the percentage of Ly6C" monocytes expressing the iCCR reporters. (iii) Distribution of the iCCR reporters in
Ly6C" monocytes. (B) Flow cytometric analysis of (i) Clover/CCR1, (i) mRuby2/CCR2, and (iii) iRFP682/CCR5 expression on F4/80" macrophages. (iv)
Quantification of the percentage of F4/80* macrophages expressing the iCCR reporters. (v) Distribution of the iCCR reporters in F4/80* macrophages.
(vi) mRuby2/CCR2 mean fluorescence intensity from Ly6C" monocytes and F4/80* macrophages. (vii) Kidney leukocytes expressing CCR1 exclusively
(white arrow), CCR5 exclusively (yellow arrow) or CCR1 and CCR5 (green arrow). Data in A-B are compiled from at least two separate experiments. Data
on Cii, Civ, and Cvi are shown as mean + SEM (N=7). Each data point represents a measurement from a single mouse. Blots in Ai, Bi, Bii, and Biii are
combinatorial blots showing reporter expression in iCCR-REP and wild type (WT) (control for background autofluorescence) mice. Data on Bvi were
analysed using unpaired t-test with Welch's correction. **p<0.01. See also Figure 5—figure supplement 1 and Figure 5—figure supplement 2.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Reporter co-expression in resting tissues.

Figure supplement 2. Inflammatory CC chemokine receptor (iCCR) reporters visualised in resting kidney.

iCCR-reporter expressing cells within tissues. As shown in Figure 4—figure supplement 4, fluores-
cence imaging of a section from resting spleen revealed easily identifiable cells expressing each of the
four reporters. In addition, combinatorial iCCR reporter expression was detected on individual cells as
shown in Figure 4Bvii. Here, we highlight lung cells expressing only mRuby2/CCR2 as well as cells that
are co-expressing Clover/CCR1 with iRFP682/CCR5. Finally, the imaging approaches are applicable to
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numerous tissues and, as shown in Figure 5Bvii,
iCCR-REP mice can be used to identify leukocyte
populations expressing individual and combina-
torial patterns of iCCR expression in the resting
kidney (note that this image has been enhanced,
using SPARCA software, to remove excessive
autofluorescence from the renal tubules. The orig-
inal image is shown in Figure 5—figure supple-
ment 2).

In addition to static imaging, the iCCR-REP
mice can be used for real-time imaging of reporter
expression in living tissues. As shown in the movie
in Video 1, real-time in vivo imaging of the mouse
mammary gland demonstrates the ability of the
mice to be used to examine the dynamics of
leukocyte movement within a tissue.

Video 1. Real-time in vivo imaging of iCCR reporters in

resting mammary gland. iCCR expression in BM and
https://elifesciences.org/articles/72418/figurest#videot circulation under inflammatory
conditions

To determine myeloid cell iCCR reporter expres-
sion under inflamed conditions, we first used the air-pouch model (Figure 6A). iCCR reporter expres-
sion in BM and blood was assessed 48 hr after the induction of inflammation (gating strategies:
Figure 1—figure supplement 1B). Similar to resting conditions, the majority of Ly6C" monocytes
expressed mRuby2/CCR2 and a fraction expressed Clover/CCR1 (Figure 6Bi-ii and 6Biv-v). However,
the fraction of Ly6C" monocytes expressing Clover/CCR1 was higher than in resting mice. Approxi-
mately 20% of Ly6C" monocytes expressed Clover/CCR1 in the BM of inflamed mice, representing a
sixfold increase compared to resting conditions (Figure 6Biii). Similarly, in blood, approximately 11%
of Ly6C" monocytes expressed Clover/CCR1, representing a fivefold increase compared with resting
conditions (Figure 6Bvi). Interestingly, in this inflamed context, we also detected, for the first time,
expression of Clover/CCR1 independently of mRuby2/CCR2 on monocytes, although in most cases
both iCCR reporters are co-expressed (Figure 6Ci-iii). BM and blood eosinophils showed similar iCCR
reporter expression to that observed under resting conditions. Only mTagBFP2/CCR3 was detected,
with approximately 50% of eosinophils expressing it in the BM and 85% in the circulation (Figure 6D).

These results suggested that sustained inflammation leads to enhanced CCR1 expression on BM
and circulating monocytes. We therefore used a different model to test this hypothesis. We have
previously seen (data not shown) that Clover/CCR1 expression can be upregulated following in vitro
interferon gamma (IFNy) treatment of cells (data not shown). We therefore implanted IFNy-loaded
subcutaneous osmotic pumps (or PBS control) in iCCR-REP mice providing continuous IFNy release
into the circulation (Figure 7A). After 7 days, BM and blood monocytes were analysed to determine
expression of Clover/CCR1. As shown in Figure 7Bi-ii, we observed a sixfold increase in the number
of Clover/CCR1 expressing monocytes in BM after IFNy treatment. Notably, this was not reflected in
a similar increase in Clover/CCR1 MFI (Figure 7Biii). Similarly, in peripheral blood, a trend towards
increased Clover/CCR1* monocytes was observed (Figure 7Biv and v), although this was not statisti-
cally significant and again no difference in MFI was seen (Figure 7Buvi). In all cases, Clover/CCR1 was
co-expressed with mRuby2/CCR2 in this model (Figure 7C).

Together, these results confirm that inflammation is associated with the accumulation of Clover/
CCR1* monocytes in BM and circulating monocytes.

iCCR expression in inflamed tissues: the air-pouch model

We next analysed myeloid cell iCCR reporter expression in the inflamed air-pouch. We first exam-
ined the membrane that surrounds the inflamed cavity (gating strategies: Figure 1—figure supple-
ment 1C). Recently infiltrated Ly6C" monocytes and CD11b*F480" macrophages retain expression of
mRuby2/CCR2 (Figure 8A and Figure 8—figure supplement 1), indicative of the rapid turnover of
this population under inflammatory conditions. Approximately 20% of Ly6C" monocytes expressed
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Figure 6. Inflammatory CC chemokine receptor (iCCR) expression in acutely inflamed bone marrow and blood leukocytes. (A) Schematic of the
procedure used to induce acute inflammation using the air-pouch model. (B) Flow cytometric analysis of Clover/CCR1 and mRuby2/CCR2 expression
in (i) bone marrow and (iv) circulating LyéC" monocytes. Quantification of the percentage of (i) bone marrow and (v) circulating LyéC" monocytes
expressing the iCCR reporters. Quantification of the fold change increase in CCR1 and CCR2 expression by (jii) bone marrow and (vi) circulating Ly6C"

Figure 6 continued on next page
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Figure 6 continued

monocytes after induction of inflammation. (C) (i) Flow cytometric analysis and distribution of Clover/CCR1 and mRuby2/CCR2 in (ii) bone marrow and
(i) circulating Ly6C" monocytes in the air-pouch model. (D) (i) Flow cytometric analysis of mTagBFP2/CCR3 expression in bone marrow and circulating
SiglecF* eosinophils. Quantification of the percentage of SiglecF* eosinophils expressing the iCCR reporters in (ii) bone marrow and (jii) blood. Data on
Bii, Biii, Bv, Bvi, Dii, and Diii are shown as mean + SEM (N=10 for resting mice or N=15 for carrageenan-treated mice) and are compiled from at least
three separate experiments. Each data point represents a measurement from a single mouse. Blots in Bi, Biv, and Di are combinatorial blots showing
reporter expression in iCCR-REP and wild type (WT) (control for background autofluorescence) mice. Normally distributed data on Biii and Bvi were
analysed using unpaired t-test with or without Welch's correction, according to their standard deviations. Not normally distributed data were analysed
using Mann-Whitney or Kolmogorov-Smirnov, according to the standard deviations. *p<0.05; **p<0.01; ****p<0.0001.

Clover/CCR1 (Figure 8Aii), whereas expression of this receptor was much lower (Figures 4 and 5) in
intra-tissue monocytes under resting conditions. Note that for mRuby2/CCR2 and mTagBFP2/CCR3,
a bimodal level of fluorescent reporter expression is seen in these figures. This is an artefact of the
fixation required for air-pouch membrane analysis and is not seen with unfixed cells (Figure 8—figure
supplement 1). The lower intensity MFI population is the artefactual one. Notably, this figure also
demonstrates that iRFP682/CCRS is also affected by fixation in a way that is not seen on analysis of
unfixed cells. Clover/CCR1 expression was further increased as Ly6C" monocytes differentiated into
CD11b*F480* macrophages, with approximately 40% of this population now expressing the receptor
(Figure 8Aiii and iv). These data, together with the induction of Clover/CCR1 in inflamed BM and
blood monocytes, suggest a role for this receptor in monocyte recruitment and macrophage migra-
tion in this inflammation model. In contrast, iRFP682/CCR5 expression was confined to a small fraction
of the monocyte and macrophage populations (Figure 8A), whereas its expression was abundant on
resting tissue macrophages (Figures 4 and 5). This suggests a less significant contribution of CCR5 to
monocyte and macrophage motility in the air-pouch model.

As shown in Figure 8B, eosinophils in the air-pouch retain exclusive expression of mTagBFP2/
CCR3, confirming the importance of this receptor for eosinophil recruitment to inflamed sites. We did
not detect expression of any iCCR reporter in neutrophils (data not shown).

Analysis of NK cells and lymphoid subsets (Figure 8—figure supplement 2), in the air-pouch,
indicated expression of both mRuby2/CCR2 and iRFP682/CCR5 by CD11b* and CD11b” NK cells. In
addition, mRuby2/CCR2, and low-level iRFP682/CCR5, expression was detected on NKT cells and
mRuby2/CCR2 was the only one of the reporters to be detected on either o or y& T cells in this model.
In a separate study, looking at the tumour microenvironment, we have detected iRFP682/CCR5 on T
cells (data not shown). We have not, so far, detected Clover/CCR1 on any T cell populations.

iCCR expression in inflamed tissues: the intranasal LPS model

To determine if the pattern of iCCR reporter expression detected in the air-pouch model was also
seen in a more relevant inflammatory model, we next used an LPS model of lung inflammation. Here,
LPS (or vehicle) was administered intranasally to iCCR-REP mice or WT littermates (Figure 9Ali). Forty-
eight hours later, inflamed lungs were dissected and myeloid cell content examined (gating strategies:
Figure 1—figure supplement 2A). Fluorescence imaging of lung sections from PBS and LPS-treated
iCCR-REP mice (Figure 9—figure supplement 1) demonstrates sparse reporter expression in control
lungs but widespread expression of the reporters, especially Clover/CCR1, mRuby2/CCR2, and
iRFP682/CCR5. In keeping with our previous results showing lack of eosinophil recruitment in response
to acute LPS, very little expression of the CCR3 reporter mTagBFP2 was seen. Infiltration of Ly6C"
monocytes and CD11b*F480* IMs into inflamed lung was confirmed by flow cytometry (Figure 9Aii).
Consistent with the findings from the air-pouch model, Ly6C" monocytes and CD11b*F480* IMs
both retain expression of mRuby2/CCR2, indicative of their recent infiltration into the inflamed lung
(Figure 9Aiii-iv). Similarly, 23% of the lung monocyte population expressed Clover/CCR1 after LPS
treatment, compared to only 3.5% of monocytes in vehicle-treated mice (Figure 9Aiii). This level of
expression is maintained in mature CD11b*F480* IMs from LPS-treated lungs (Figure 9Aiv, B and
C and Figure 9—figure supplement 2), confirming the rapid induction of CCR1 in infiltrated Ly6C"
monocytes. Finally, also consistent with observations in the air-pouch model, iRFP682/CCR5 was
detected in only 7.5% of Ly6C" monocytes and 12% of CD11b*F480* IMs after LPS administration,
whereas 65% of CD11b*F480* IMs expressed it in the vehicle-treated lungs (Figure 9Aiii-iv, B and
C). These data suggest that resident CCR5* IMs are rapidly replaced with CCR1* IMs after induction
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Figure 7. Inflammatory CC chemokine receptor (iCCR) expression in bone marrow and blood under sustained inflammation. (A) Schematic of the
procedure used to induce sustained inflammation using interferon gamma (IFNy) release from osmotic pumps. (B) Flow cytometric analysis of Clover/
CCR1 expression in (i) bone marrow and (iv) circulating Ly6C" monocytes. Quantification of the fold change increase in CCR1* and CCR2" cells in (ji)
bone marrow and (v) circulating Ly6C™ monocytes after the induction of sustained inflammation. Mean fluorescence intensity of Clover/CCR1 expression

Figure 7 continued on next page

Medina-Ruiz et al. eLife 2022;11:€72418. DOI: https://doi.org/10.7554/eLife.72418

14 of 27


https://doi.org/10.7554/eLife.72418

eLife

Figure 7 continued

Immunology and Inflammation

in (iii) bone marrow and (vi) circulating CCR1* Ly6 C" monocytes. (C) Flow cytometric analysis and distribution of Clover/CCR1 and mRuby2/CCR2 in (i
and i) bone marrow and (iii and iv) circulating Ly6C" monocytes. Data on B-C are compiled from at least two separate experiments. Data on Bii, Biii, By,
and Bvi are shown as mean + SEM (N=3-5). Each data point represents a measurement from a single mouse. Plots in Bi and Biv are combinatorial plots
showing reporter expression in iCCR REP and wild type (WT) (control for background autofluorescence) mice. Normally distributed data were analysed
using unpaired t-test with or without Welch'’s correction, according to their standard deviations. Not normally distributed data were analysed using
Mann-Whitney or Kolmogorov-Smirnov, according to the standard deviations. *p<0.05; ns, not significant.

of inflammation and indicate a less significant contribution of CCR5 to monocyte and macrophage
recruitment and migration in the early stages of the inflammatory response to LPS.

We also evaluated iCCR expression on SiglecF* eosinophils and SiglecF*F480* alveolar macro-
phages after LPS inoculation. As discussed above, eosinophils are not recruited into the lung in acute
models of LPS exposure. However, all detected eosinophils in control and LPS inflamed lungs showed
exclusive expression of mTagBFP2/CCR3 (Figure 9Di). Alveolar macrophages do not express any
iCCR reporter after vehicle treatment (resting conditions). However, after LPS administration, 50% of
the population shows expression of Clover/CCR1 (Figure 9Dii), suggesting that this receptor is also
important for their intra-tissue function under inflammatory conditions. We did not detect expression
of iCCR reporters in neutrophils from inflamed lungs (data not shown).

Discussion

The iCCRs are responsible for the mobilisation, recruitment, and intra-tissue dynamics of all non-
neutrophilic myeloid cell subsets as well as some lymphoid subsets. Analysis of their in vivo expression
dynamics has been hampered by the difficulties associated with generating combinatorial reporter
mice using individual reporter strains (Hirai et al., 2014; Luckow et al., 2009; Saederup et al., 2010),
due to their genomic proximity and the incompatibility of the reporters used in these strains. We
now report the generation, and analysis, of transgenic mice expressing spectrally distinct fluorescent
reporters for each of the four iCCRs. To our knowledge, this is the first mouse model allowing simul-
taneous, and combinatorial, analysis of four different fluorescent reporters for the study of specific
protein expression, and provides a template for the generation of similar reporter mice covering other
functionally linked genomic loci.

The iCCR-REP mice are viable, display normal leukocyte numbers, and thus there appear to be no
deleterious effects of the BAC transgene. With any reporter mouse model there is the concern that
expression of the reporter molecule may not accurately reflect the expression of the actual protein
being assessed. This can be a consequence of posttranscriptional events or a disconnect between
the half-lives of the reporters and of the molecules being studied. However, we have gone to some
lengths to demonstrate close correlation between reporter expression and chemokine receptor
protein expression where possible. Specifically, we demonstrate that reporter expression accurately
reflects surface iCCR presentation and that expression changes under different inflammatory condi-
tions and as monocytes differentiate. Previously, antibodies have been widely used to study iCCR
expression. However, our results (using appropriate iCCR” mice as controls) demonstrate that these
antibodies show background non-specific staining due to the high degree of homology between
different iCCRs. Lack of such controls has frequently been a problem in previous antibody-based
analyses. Also in our hands, and as described by others (Hirai et al., 2014), commercially available
antibodies for CCR1 do not bind efficiently to the receptor. In addition, when looking at cells isolated
from enzyme digested tissues, the external portions of chemokine receptors are frequently cleaved
by the enzymes, preventing antibody-dependent detection. In contrast, our iCCR-REP mice display
highly specific expression of the reporters, representing a powerful tool for the flow cytometric, and
imaging-based, analysis of in vivo iCCR expression.

Importantly, the analysis of the iCCR-REP mice has allowed us, for the first time, to unequivo-
cally establish iCCR expression patterns on myeloid cells at rest and during inflammatory responses.
In contrast to previous reports of multiple receptor expression by individual leukocyte subtypes
(Haringman et al., 2006; Tacke et al., 2007, Weber et al., 2000), our data indicate that iCCR expres-
sion on individual cell subsets in resting mice is selective. Thus, most Ly6C" monocytes in BM and
blood exclusively express CCR2, with only a minor fraction of these cells co-expressing CCR1 and
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Figure 8. Inflammatory CC chemokine receptor (iCCR) expression in inflamed tissues: the air-pouch model. (A) Flow cytometric analysis of Clover/CCR1,
mRuby2/CCR2, and iRFP682/CCR5 expression in (i) LyéC" monocytes and (iii) F4/80* macrophages isolated from the inflamed air-pouch. Quantification
of iCCR reporter expression in (i) Ly6C" monocytes and (iv) F4/80* macrophages. (B) (i) Flow cytometric analysis of mTagBFP2/CCR3 expression in
SiglecF* eosinophils isolated from the inflamed air-pouch. (i) Quantification of iCCR reporter expression in SiglecF* eosinophils. Data on Aii, Aiv, and

Bii are shown as mean = SEM (N=15) and are compiled from at least three separate experiments. Each data point represents a measurement from

a single mouse. Blots in Ai, Aiii, and Bi are combinatorial blots showing reporter expression in iCCR-REP and wild type (WT) (control for background

autofluorescence) mice.

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. Reporter co-expression in inflamed air-pouch.

Figure supplement 2. Inflammatory CC chemokine receptor (iCCR) expression in inflamed air-pouch: lymphoid cells.

CCR2. Eosinophils only express CCR3. Tissue-resident macrophages downregulate CCR2 and express
CCR1 and high levels of CCR5 either alone or in combination. This suggests a hierarchical relation-
ship in which monocytes use CCR2 to egress from BM and infiltrate resting tissues but upregulate
CCR1 and CCR5 upon differentiation to macrophages or moDCs. This model was further confirmed
by our in vitro studies using GM-CSF BM-derived moDCs. While Ly6C" monocytes freshly isolated
from BM expressed almost exclusively CCR2, culture in GM-CSF containing media induced gradual
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Figure 9. Inflammatory CC chemokine receptor (iCCR) expression in inflamed tissues: the intranasal
lipopolysaccharide (LPS) model. (A) (i) Schematic of the procedure used to induce acute lung inflammation using
intranasal administration of LPS. (ii) Quantification of monocyte, macrophage, alveolar macrophage, and eosinophil
levels in inflamed lungs. Quantification of iCCR reporter expression in (jii) Ly6C" monocytes and (iv) F4/80*

Figure 9 continued on next page
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Figure 9 continued

macrophages isolated from lungs of vehicle (PBS) and LPS-treated mice. (B) Distribution of Clover/CCR1, mRuby2/
CCR2, and iRFP682/CCR5 on Ly6C" monocytes isolated from lungs of (i) vehicle (PBS) and (ii) LPS-treated mice.

(C) Distribution of Clover/CCR1, mRuby2/CCR2, and iRFP482/CCR5 on F4/80* macrophages isolated from lungs of
(i) vehicle (PBS) and (i) LPS-treated mice. (D) Quantification of iCCR reporter expression on (i) SiglecF* eosinophils
and (i) SiglecF* F4/80" alveolar macrophages isolated from lungs of vehicle and LPS-treated mice. Data in A-D
are compiled from at least two separate experiments. Data on Aii, Aiii, Aiv, Di, and Dii are shown as mean + SEM
(N=7 for vehicle-treated mice or N=6 for LPS-treated mice). Each data point represents a measurement from a
single mouse. Data on Aii were analysed using unpaired t-test, with the exception of alveolar macrophage, which
was analysed using Mann-Whitney test. **p<0.01; ****p<0.0001. Abbreviations are: Monos, monocytes; Macs,
macrophages; Alv Macs, alveolar macrophages; Eos, eosinophils.

The online version of this article includes the following figure supplement(s) for figure 9:

Figure supplement 1. Inflammatory CC chemokine receptor (iCCR) reporters visualised in resting and inflamed
lungs.

Figure supplement 2. Reporter co-expression in inflamed lung.

upregulation of CCR1 and CCRS5. After 9 days in culture, monocytes were fully differentiated into
moDCs and expressed high levels of CCR5. This finding was reinforced by our in vivo studies using
adoptive transfer of CCR2+ve monocytes into inflamed air-pouches. We propose that CCR1 and
CCRS5 are predominantly involved in intra-tissue migration and not recruitment from the circulation.

Under inflammatory conditions, BM and circulating Ly6C" monocytes still express CCR2. However,
the fraction co-expressing CCR1 increases. We reasoned that this may be a consequence of elevated
systemic inflammatory cytokines and indeed sustained increase in systemic IFNy levels recapitulated
this phenotype. As the iCCRs, and other chemokine receptors, are transcriptionally regulated in
response to a variety of cytokines, this raises the possibility that report of multiple chemokine receptor
expression by inflammatory cells in patients with immune and inflammatory disorders is not a reflec-
tion of homeostasis but a response to the systemically inflamed environment in these patients. We
speculate that this may provide alternative options for leukocyte recruitment from the periphery to
inflamed sites and contribute to the failure of specific receptor-targeting therapeutics in inflammatory
disease. This hypothesis is supported by our previous findings showing that, in the absence of CCR2,
a small proportion of Ly6C" monocytes can still infiltrate into inflamed tissues (Dyer et al., 2019).

After infiltration into the inflamed site, Ly6C" monocytes still express CCR2 and eosinophils CCR3.
Recently infiltrated Ly6C" monocytes also rapidly increase CCR1 expression, which is maintained after
differentiation into F480* macrophages. This suggests that, in an inflamed context, CCR1 has a pivotal
role in directing intra-tissue migration of monocytes and macrophages towards the focus of inflam-
mation and supports the hypothesis that circulating monocytes co-expressing CCR1 and CCR2 might
have a recruitment advantage over CCR2-only monocytes. This is further supported by the fact that
alveolar macrophages in lung also upregulate CCR1 expression under inflamed conditions, whereas
this population does not express any of the iCCRs under resting conditions.

Interestingly, our analyses show that CCR5 is preferentially expressed by macrophages in resting
tissues, whereas CCR1 is strongly associated with macrophages recently recruited to inflamed tissues.
This could be explained by a hierarchical model of iCCR expression, where BM and circulating Ly6C"
monocytes express CCR2 but, immediately after extravasation, they downregulate CCR2 and upreg-
ulate CCR1 as they differentiate into F480" macrophages. CCR1 would direct macrophages in the
early stages of intra-tissue migration. Finally, F480" macrophages would induce expression of CCR5
and slowly downregulate CCR1 as they fully differentiate into mature macrophages. This model
would explain the absence of macrophages expressing exclusively CCR1 in resting tissues, whereas
a large proportion of them are CCR1*CCR5" or CCR5" only. Alternatively, CCR1 and CCR5 might be
expressed in response to different inflammatory stimuli or have different functions in the inflamed
tissue. We used carrageenan and LPS to induce inflammation in our study, both signalling through toll-
like receptor 4 (Myers et al., 2019; Solov’eva et al., 2013). This could explain their similar responses,
mediated by CCR1* macrophages. However, CCR5 has been reported to be essential for macrophage
recruitment to virus-infected tissues (Glass et al., 2005), raising the possibility that alternative inflam-
matory stimuli could trigger differential responses.
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Finally, we failed to detect expression of any of the iCCRs in neutrophils either at rest or during
inflammation. We analysed three different founder lines for the iCCR-REP mice and obtained identical
results with all of them. This contrasts with previous reports (Fujimura et al., 2015; Gao et al., 1997,
Gerard et al., 1997) indicating roles for CCR1 in neutrophil recruitment, but is supported by our find-
ings with iCCR-deficient mice, that show that absence of these chemokine receptors does not lead to
deficiencies in neutrophil recruitment to resting or inflamed tissues (Dyer et al., 2019). It is possible
that differences in inflammatory models used in the various studies, or animal housing arrangements,
may have contributed to this apparent disagreement with the literature.

In addition to their use in identifying patterns of iCCR expression in select leukocyte subsets by
flow cytometry, these mice can also be used to directly examine iCCR expression in tissue sections,
and in living tissues in real time. Importantly, the reporters in these mice are compatible with further
use of up to three additional reporters typically associated with the recently developed CODEX tech-
nology (Black et al., 2021). This will allow investigators to assign phenotypes to iCCR-expressing cells
in tissue sections. Clearly the use of four fluorescence channels, to detect the reporters, limits the

Resting tissue Inflamed tissue

CELL TYPES CHEMOKINE RECEPTORS

@ Ly6C" monocyte Eosinophil 0@ CCR1 U@] CCR3
@ Ly6C- macrophage Monocyte-derived ﬂ@) CCR2 ﬁ@ CCRS

dendritic cell

Figure 10. Proposed model for the contribution of the inflammatory CC chemokine receptors (iCCRs) to leukocyte migration.
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ability to precisely define cell phenotypes in in vivo real-time imaging but this can be, to some extent,
alleviated by adoptive transfer of isolated reporter-expressing leukocyte subpopulations.

In summary, therefore, our analyses indicate that the previous belief that individual inflamma-
tory leukocytes express multiple iCCRs (Haringman et al., 2006; Tacke et al., 2007, Weber et al.,
2000) is probably wrong and that iCCR expression is more specific (summarised in Figure 10) than
previously believed. For example, it was previously reported that monocytes simultaneously express
CCR1, CCR2, and CCR5 but our data indicate that, at least for classical monocytes, they are almost
exclusively singly positive for CCR2 amongst the iCCRs. Overall our data suggest non-redundant
roles for the iCCRs in leukocyte cell trafficking at rest and in acute inflammation. We propose that
the iCCR-REP mice represent a transformational technical advance permitting in-depth analysis of
receptor expression in a range of resting and pathological conditions that will shed important light on
chemokine receptor biology and potentially inform future rational drug design.

Materials and methods

Mouse generation and maintenance

The iCCR-REP mice were generated in collaboration with Taconic Biosciences. First, the inflammatory
Ccr genes were targeted in a BAC using counterselection recombineering as previously described
(Wang et al., 2014) in order to replace the coding sequence of each one of the inflammatory Cecr
genes with the sequence coding for a different fluorescent reporter. Then, the iCCR-REP cluster
was incorporated into the mouse genome using pro-nuclear injection, thus generating transgenic
iCCR-REP mice. The presence of the iCCR-REP cluster in these animals was confirmed by PCR using
primers specific for the iCCR reporters (Table 1A). Quantification of the number of copies of the
iCCR-REP cluster inserted into the mouse genome was done by QPCR with the primers listed in
Table 1B, using the TBP gene as a reference, because it sits outside of the iCCR cluster and remained
unaltered in the process. Finally, the iCCR-REP cluster was localised to chromosome 16:82389380-
82392016 using TLA as described elsewhere (de Vree et al., 2014). iCCR-def mice were generated
in-house (Dyer et al., 2019) and CCR5-def mice were a kind gift from Dr Takanori Kitamura, University
of Edinburgh. All animal strains were generated and maintained on a C57BL/6 background and were
bred in a specific pathogen-free environment in the animal facility of the Beatson Institute for Cancer
Research (Glasgow). Routine genotyping of all animals was done by PCR of ear samples (Transnetyx).
All experiments were done on animals 10-12 weeks of age, using congenic WT animals derived from
heterozygous crosses as controls. All experiments were carried out under the auspices of a UK Home
Office Project License and were approved by the local Ethical Review Committee.

Resting tissue isolation
Resting mice were sacrificed and tissues extracted for flow cytometry or RNA analysis.

Blood was extracted from the vena cava and mixed with 100 pL of 0.5 M EDTA (Thermo Fisher
Scientific) prior to red blood cell lysis using an ACK lysis solution (Thermo Fisher Scientific) as per
manufacturer’s instructions. Leukocyte content was then used for further analysis. Immediately after
blood isolation, mice were perfused using 20 mL of PBS (Thermo Fisher Scientific) containing 2 mM
EDTA (Thermo Fisher Scientific).

BM was then extracted from the femur and tibia of the mice, red blood cells lysed as described
above, and leukocyte content used in downstream analyses.

Spleen, lungs, and kidneys were isolated from perfused animals and incubated overnight (O/N) in
RNAlater stabilisation solution (Thermo Fisher Scientific) for RNA analysis. Alternatively, these tissues
were processed for antibody staining and flow cytometry analysis. Dissected spleens were filtered
through 70 pm nylon mesh membranes, washed with PBS, and red blood cells lysed as described
above, prior to antibody staining. Lungs were cut into small pieces and digested in 5 mL of RPMI
containing DNase | (100 pg/mL, Roche), Dispase Il (800 pg /mL, Roche), and Collagenase P (200 pg/
mL, Roche) for 90 min at 37°C. Kidneys were cut into small pieces and digested in 4 mL of PBS
containing calcium and magnesium, HEPES (20 mM, VWR), collagenase | (1.8 mg/mL, Sigma-Aldrich),
collagenase Xl (156 pg/mL, Sigma-Aldrich), and Hyaluronidase (158 pug/mL, Sigma-Aldrich) for 20 min
at 37°C. After digestion, enzymes were deactivated using 20 pL of foetal bovine serum (FBS) and lung
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A. Detection of the iCCR reporters

Immunology and Inflammation

iRFP682 QPCR1 GTCACCCCAGACCTCAATCC
iRFP682 QPCR2 AACGATCAATCCCCACAGTC
mRuby2 RT F TGGGAAAGAGTTACGAGATACGA
mRuby2 RT R AACGAGACAGCCATCCTCAA
Clover QPCR1 AACGGCATCAAGGCTAACTTC
Clover QPCR2 GGGTGTTCTGCTGGTAGTGG
mTagBFP2 QPCR1 ACCGTGGACAACCATCACTT
mTagBFP2 QPCR2 CCTCGACCACCTTGATTCTC
B. Quantification of iCCR-REP cluster insertion

CCRTprom QPCR1 TCAACTCAACTCCATCCAACC
CCR1prom QPCR2 CTGTCTTTCCTCTCTGCTCCA
BAC-CPN1 Stan CAGCTAGCCCCCAGGTGACA

BAC-CPN1 Stan2

AGTCTTTCTTTCCTGCGTTGTATG

BAC-CPN1 QPCR1

GATAAAGGGAAGCAGACACCAG

BAC-CPN1 QPCR2

CAGCAGGGAGGAAAGAAGAGT

BAC-CPN2 Stan1

AGTCTTTCTTTCCTGCGTTGTATG

BAC-CPN2 Stan2

AAAACCAGACAGGATAGATAACTG

BAC-CPN2 QPCR1

AGGGGTGGAAGCCTATCTCTAC

BAC-CPN2 QPCR2

TGGCAGCATTTACAGGGTCT

BAC-CPN3 Stan'

GGATGGGAGGGAATTTGGAGAAGA

BAC-CPN3 Stan2

GCTTTGTGAAGGCCGAGGTCTAA

BAC-CPN3 QPCR1 CCCCATCCATAACACAAACC
BAC-CPN3 QPCR2 CAAAATGAGCACCTCCCTTC
CCR2exon Stan’ AGGGAGAGCAGAAGGCTAA
CCR2exon Stan2 CCCAGGAAGAGGTTGAGAGA
CCR2exon QPCR1 TGTGGGACAGAGGAAGTGG
CCR2exon QPCR2 GGAGGCAGAAAATAGCAGCA
CCR5exon Stan’ ACCCATTGAGGAAACAGCAA
CCR5exon Stan2 CTTCTGAGGGGCACAACAAC
CCR5exon QPCR1 TTTGTTCCTGCCTTCAGACC
CCR5exon QPCR2 TTGGTGCTCTTTCCTCATCTC
TBP Stan1 GAGTTGCTTGCTCTGTGCTG
TBP Stan2 ATACTGGGAAGGCGGAATGT
TBP QPCR1 TGCTGTTGGTGATTGTTGGT
TBP QPCR2 AACTGGCTTGTGTGGGAAAG
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and kidney cell suspensions were filtered through 70 pm nylon mesh membranes, washed with PBS,
and stained for flow cytometry analysis.

Air-pouch model
The air-pouch model of inflammation was used as previously described (Dyer et al., 2019). In brief,
3 mL of sterile air were injected under the dorsal skin on three occasions over a period of 6 days to
induce the formation of a subcutaneous air cavity. One mL of sterile carrageenan (1% (w/v) in PBS,
Sigma-Aldrich) was inoculated into the cavity to induce inflammation 24 hr after the last air injection.
Forty-eight hours later, mice were culled, and blood and BM samples were collected as detailed
above. The cavity was flushed with 3 mL of PBS containing 2 mM EDTA and 2% (v/v) FBS and the
lavage fluid was collected, washed with PBS, and stained for flow cytometry analysis. The membrane
surrounding the air-pouch was then isolated and digested in 1 mL of Hanks buffered saline solution
(Thermo Fisher Scientific) containing 0.44 Winsch units of Liberase (Roche) for 1 hr at 37°C and
1000 rpm shaking. After digestion, Liberase was neutralised using 20 pL of FBS and cell suspensions
were filtered through 70 pm nylon mesh membranes, washed with PBS, and stained for flow cytometry
analysis.

For the transfer of REP monocytes into the inflamed air-pouch, 8.5 x 10° mRuby2/CCR2* mono-
cytes isolated from resting BM were injected into the air-pouch of WT animals. Mice were culled 72 hr
later and air-pouch tissues were collected for leukocyte analysis as described above.

LPS model of lung inflammation

For the induction of lung inflammation using Escherichia coli LPS, mice were anaesthetised using
inhaled isoflurane (4% (v/v) isoflurane and 2 L O,/min) and 30 pL of LPS (250 ug/mL, Sigma-Aldrich) or
vehicle PBS were administered intranasally. Forty-eight hours later, mice were culled, perfused, and
lungs were isolated for flow cytometry analysis as detailed above.

Implantation of IFNy-loaded subcutaneous osmotic pumps

Mice were anaesthetised using inhaled isoflurane (2% (v/v) isoflurane and 2 L O,/min) and maintained
under these conditions during the surgical procedure. A small pocket was generated under the dorsal
skin, where IFNy- (100 ng/pL) or vehicle PBS-loaded osmotic pumps (Alzet osmotic pumps, model
2001; Charles River) were implanted. Infusion of IFNy (100 ng/hr) or PBS was maintained for 7 days.
After this time, animals were sacrificed and BM and blood were extracted for flow cytometry analysis
as described above.

Table 2. Antibodies used in the study.

Antibody Clone Source Working dilution
Anti-mouse CD45 30-F11 eBioscience 1/100
Anti-mouse CD11b M1/70 eBioscience 1/100
Anti-mouse SiglecF E50-2440 BD Bioscience 1/100
Anti-mouse F4/80 BM8 eBioscience 1/100
Anti-mouse CDé4 X54-5/7.1 BD Bioscience 1/100
Anti-mouse Ly6C HK1.4 BioLegend 1/100
Anti-mouse CD11c HL3 BD Bioscience 1/100
Anti-mouse MHCII M5/114.15.2 BioLegend 1/100
Anti-mouse Ly6G 1A8 BD Bioscience 1/100
Anti-mouse CD19 eBio1D3 (1D3) eBioscience 1/100
Anti-mouse CCR2 SA203G11 BioLegend 1/50
Anti-mouse CCR3 JO73E5 BioLegend 1/50
Anti-mouse CCR5 HM-CCR5 (7A4) eBioscience 1/50
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Flow cytometry
Tissue lysates were prepared as described above and stained for 20 min at 4°C with 100 pL of fixable
viability stain (eBioscience). Cells were then washed in FACS buffer (PBS containing 2 mM EDTA and
2% (v/v) FBS) and stained for 20 min at 4°C with 50 pL of antibody cocktail containing subset-specific
antibodies (Table 2) diluted in Brilliant Stain Buffer (BD Biosciences). Cells were washed in FACS buffer
and fixed for 20 min at 4°C in 100 pL of Fixation Buffer (BioLegend).

Stained samples were analysed on a BD LSRFortessa flow cytometer (BD Biosciences) and data
analysis was performed using FlowJo software (FlowJo).

For the isolation of REP monocytes from BM for transfer experiments, cells were isolated and
stained as described above. After staining, cells were analysed on a FACS Aria sorter (BD Biosciences)
and resuspended in GM-CSF containing media ready for injection into the inflamed air-pouch.

Generation of BM-derived moDCs

BM cells were isolated as described above and 107 cells were resuspended in 10 mL of RPMI-1640
(Sigma) supplemented with FBS (10% v/v), L-glutamine (1% v/v), 50 pM B-mercaptoethanol, primocin,
and 20 ng/mL of murine recombinant GM-CSF (Peprotech). Cells were transferred to tissue culture-
treated Petri dishes. At days 2 and 9, the medium was collected, centrifuged at 300 g for 5 min,
and pelleted cells were analysed for the expression of iCCR reporters by flow cytometry. Monocytes
and moDCs were identified on the basis of Ly6C, F480, CD11c, and MHCII expression (monocytes
were CD11c¢ F480* Ly6C"; moDC precursors were F480* CD11c* Ly6C’; mature moDCs were CD11c*
MHCIIM).

RNAscope for the detection of CCR1 mRNA

Kidneys were isolated from resting mice after PBS perfusion and fixed O/N in 20 mL of 10% Neutral
Buffered Formalin (Leica). Fixed kidneys were paraffin-embedded using a Shandon Citadel 1000 tissue
processor (Thermo Fisher Scientific) and stored at room temperature (RT) until used. The day prior to
CCR1 mRNA analysis, kidneys were wax-embedded and sliced into 6 pm sections onto SuperFrost
Plus adhesion slides (Thermo Fisher Scientific). Slides were air-dried O/N at RT and, the following day,
CCR1 mRNA was detected using an RNAscope target probe specific for the gene with the RNAscope
2.5 HD Reagent Kit-RED (Advanced Cell Diagnostics). Manufacturer's instructions were followed, with
minor modifications. Specifically, kidney sections were incubated in the RNAscope Target Retrieval
Reagent for 18 min and were treated with the RNAscope Protease Plus Reagent for 35 min. Images
were acquired on an Evos FL Auto 2 microscope (Thermo Fisher Scientific).

Imaging

Lungs, spleens, and kidneys were isolated from resting mice after PBS perfusion. They were immersed
in 4 mL of 4% paraformaldehyde (VWR), incubated at RT for 1 hr, and finally incubated O/N at 4°C to
achieve full fixation. Tissues were then immersed in increasing concentrations of sucrose (10%, 20%,
and 30% (w/v) in PBS; Fisher Chemicals) for 18-24 hr in each solution. Finally, tissues were frozen in
O.C.T. embedding media (Tissue-Tek) and stored at —80°C; 48-24 hr prior to sectioning, tissues were
transferred to —20°C. After —20°C incubation, tissues were sliced into 8 pm sections onto SuperFrost
Plus adhesion slides and transferred to —20°C again until processed for imaging.

The day of imaging, tissue sections were incubated at 60°C for 10 min and washed twice in PBS
for 5 min. Slides were then incubated for 20 min in 0.1 M glycine (VWR) with mild shaking to reduce
background autofluorescence. After glycine incubation, sections were washed five times with PBS
for 5 min and then immersed in cold water until mounted using 10 pL of Mowiol mounting medium.
Tissues were imaged using an Axio Imager M2 microscope (Zeiss) or a spinning disk Axio Observer Z1
confocal microscope (Zeiss).

High background autofluorescence in Figure 5Bvii was removed using proprietary image clearing
software. Sparca (https://www.sparca.com), headquartered in London, is a bio-inspired mixed signal
processing company working in the medical, scientific, and electronic consumable space. For this
project, Sparca applied a number of proprietary image signal processing algorithms which allowed the
identification of the main particles of interest and the minimisation of the background. Furthermore,
another set of algorithms was applied to bring to light some of the cells which were not fully visible to
the naked eye in the original image.
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Live cell imaging was carried out using a spinning disc confocal microscope (Zeiss) with a heated
stage, at 37°C, 5% CO,. Live mammary glands were visualised in glass bottom dishes (Nunc, Thermo),
in PBS containing 5% FBS (Sigma).

Quantification and statistical analysis

All analyses were performed using the Prism software package (GraphPad). Normally distributed
data were analysed using unpaired t-test with or without Welch's correction, according to their stan-
dard deviations. Not normally distributed data were analysed using Mann-Whitney or Kolmogorov-
Smirnov, according to their standard deviations. In all analysis, p=0.05 was considered the limit for
statistical significance.

Acknowledgements

We acknowledge the assistance of the Institute of Infection, Immunity and Inflammation Flow Core
Facility at the University of Glasgow. We also thank Dr Michael Z Lin and Prof. Vladislav V Verkhusha
for their advice on the selection of the fluorescent reporters.

Additional information

Funding

Funder Grant reference number Author

Wellcome Trust 217093/2/19/2 Laura Medina-Ruiz
Robin Bartolini
Douglas P Dyer
Francesca Vidler
Catherine E Hughes
Fabian Schuette
Marieke Pingen
Gerard J Graham

Medical Research Council MRV0109721 Samantha Love
Marieke Pingen
Alan James Hayes
Gerard J Graham

Max-Planck-Institute for open access funding Adrian Francis Stewart
Cell Biology and Genetics

University of Glasgow Gerard J Graham

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication. For the purpose of Open Access, the
authors have applied a CC BY public copyright license to any Author Accepted
Manuscript version arising from this submission.

Author contributions

Laura Medina-Ruiz, Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Project administration, Supervision, Writing — original draft, Writing - review and editing; Robin Barto-
lini, Douglas P Dyer, Conceptualization, Data curation, Formal analysis, Investigation, Supervision,
Writing - original draft; Gillian J Wilson, Formal analysis, Investigation, Methodology; Francesca
Vidler, Samantha Love, Data curation, Formal analysis, Investigation, Writing — original draft; Cath-
erine E Hughes, Data curation, Formal analysis, Project administration, Writing — original draft; Fabian
Schuette, Conceptualization, Formal analysis, Investigation, Writing — original draft; Marieke Pingen,
Alan James Hayes, Data curation, Investigation, Methodology; Jun Fu, Conceptualization, Investi-
gation, Methodology, Writing — original draft; Adrian Francis Stewart, Conceptualization, Formal
analysis, Methodology, Supervision, Writing — original draft; Gerard J Graham, Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation, Project administration, Supervision,
Writing — original draft, Writing - review and editing

Medina-Ruiz et al. eLife 2022;11:€72418. DOI: https://doi.org/10.7554/eLife.72418 24 of 27


https://doi.org/10.7554/eLife.72418

eLife

Immunology and Inflammation

Author ORCIDs

Laura Medina-Ruiz  http://orcid.org/0000-0002-2934-534X
Alan James Hayes  http://orcid.org/0000-0003-2708-6230
Adrian Francis Stewart  http://orcid.org/0000-0002-4754-1707
Gerard J Graham  http://orcid.org/0000-0002-7801-204X

Ethics
All experiments were carried out under the auspices of a UK Home Office Project License and were
approved by the local University of Glasgow Ethical Review Committee.

Decision letter and Author response
Decision letter https://doi.org/10.7554/¢elife.72418.sa
Author response https://doi.org/10.7554/elife.72418.sa2

Additional files

Supplementary files
e Transparent reporting form

Data availability
Data relating to this study are available on Dryad (https://doi.org/10.5061/dryad.3r2280gjs). Mouse
lines generated in this study will be available, on request, from the corresponding author.

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Graham GJ, Medina- 2022 Data for ELlfe paper https://doi.org/10. Dryad Digital Repository,
Ruiz L, Bartolini R, entitled 'Analysis of 5061/dryad.3r2280gjs 10.5061/dryad.3r2280gjs

Wilson G, Dyer D, combinatorial chemokine

Vidler F, Hughes C, receptor expression

Schuette F, Love S, dynamics using multi-

Pingen M, Hayes A, receptor reporter mice

Fu J, Stewart F

References

Bachelerie F, Ben-Baruch A, Burkhardt AM, Combadiere C, Farber JM, Graham GJ, Horuk R, Sparre-Ulrich AH,
Locati M, Luster AD, Mantovani A, Matsushima K, Murphy PM, Nibbs R, Nomiyama H, Power CA,
Proudfoot AEIl, Rosenkilde MM, Rot A, Sozzani S, et al. 2014. International Union of Basic and Clinical
Pharmacology: LXXXIX: Update on the Extended Family of Chemokine Receptors and Introducing a New
Nomenclature for Atypical Chemokine Receptors. Pharmacological Reviews 66:1-79. DOI: https://doi.org/10.
1124/pr.113.007724

Bennett JL, Elhofy A, Charo I, Miller SD, Dal Canto MC, Karpus WJ. 2007. CCR2 regulates development of
Theiler's murine encephalomyelitis virus-induced demyelinating disease. Viral Inmunology 20:19-33. DOI:
https://doi.org/10.1089/vim.2006.0068, PMID: 17425418

Black S, Phillips D, Hickey JW, Kennedy-Darling J, Venkataraaman VG, Samusik N, Goltsev Y, Schirch CM,
Nolan GP. 2021. CODEX multiplexed tissue imaging with DNA-conjugated antibodies. Nature Protocols
16:3802-3835. DOI: https://doi.org/10.1038/s41596-021-00556-8, PMID: 34215862

Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, Zhang XM, Foo S, Nakamizo S, Duan K, Kong WT, Gentek R,
Balachander A, Carbajo D, Bleriot C, Malleret B, Tam JKC, Baig S, Shabeer M, Toh S, et al. 2019. Two distinct
interstitial macrophage populations coexist across tissues in specific subtissular niches. Science (New York, N.Y.)
363:eaau0964. DOI: https://doi.org/10.1126/science.aau0964, PMID: 30872492

de Vree PJP, de Wit E, Yilmaz M, van de Heijning M, Klous P, Verstegen MJAM, Wan Y, Teunissen H, Krijger PHL,
Geeven G, Eijk PP, Sie D, Ylstra B, Hulsman LOM, van Dooren MF, van Zutven LJCM, van den Ouweland A,
Verbeek S, van Dijk KW, Cornelissen M, et al. 2014. Targeted sequencing by proximity ligation for
comprehensive variant detection and local haplotyping. Nature Biotechnology 32:1019-1025. DOI: https://doi.
org/10.1038/nbt.2959, PMID: 25129690

Dyer DP, Medina-Ruiz L, Bartolini R, Schuette F, Hughes CE, Pallas K, Vidler F, Macleod MKL, Kelly CJ, Lee KM,
Hansell CAH, Graham GJ. 2019. Chemokine Receptor Redundancy and Specificity Are Context Dependent.
Immunity 50:378-389. DOI: https://doi.org/10.1016/}.immuni.2019.01.009, PMID: 30784579

Fujimura N, Xu B, Dalman J, Deng H, Aoyama K, Dalman RL. 2015. CCR2 inhibition sequesters multiple subsets
of leukocytes in the bone marrow. Scientific Reports 5:11664. DOI: https://doi.org/10.1038/srep 11664, PMID:
26206182

Medina-Ruiz et al. eLife 2022;11:€72418. DOI: https://doi.org/10.7554/eLife.72418 25 of 27


https://doi.org/10.7554/eLife.72418
http://orcid.org/0000-0002-2934-534X
http://orcid.org/0000-0003-2708-6230
http://orcid.org/0000-0002-4754-1707
http://orcid.org/0000-0002-7801-204X
https://doi.org/10.7554/eLife.72418.sa1
https://doi.org/10.7554/eLife.72418.sa2
https://doi.org/10.5061/dryad.3r2280gjs
https://doi.org/10.5061/dryad.3r2280gjs
https://doi.org/10.5061/dryad.3r2280gjs
https://doi.org/10.1124/pr.113.007724
https://doi.org/10.1124/pr.113.007724
https://doi.org/10.1089/vim.2006.0068
http://www.ncbi.nlm.nih.gov/pubmed/17425418
https://doi.org/10.1038/s41596-021-00556-8
http://www.ncbi.nlm.nih.gov/pubmed/34215862
https://doi.org/10.1126/science.aau0964
http://www.ncbi.nlm.nih.gov/pubmed/30872492
https://doi.org/10.1038/nbt.2959
https://doi.org/10.1038/nbt.2959
http://www.ncbi.nlm.nih.gov/pubmed/25129690
https://doi.org/10.1016/j.immuni.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30784579
https://doi.org/10.1038/srep11664
http://www.ncbi.nlm.nih.gov/pubmed/26206182

eLife

Immunology and Inflammation

Gao JL, Wynn TA, Chang Y, Lee EJ, Broxmeyer HE, Cooper S, Tiffany HL, Westphal H, Kwon-Chung J,
Murphy PM. 1997. Impaired host defense, hematopoiesis, granulomatous inflammation and type 1-type 2
cytokine balance in mice lacking CC chemokine receptor 1. The Journal of Experimental Medicine 185:1959-
1968. DOI: https://doi.org/10.1084/jem.185.11.1959, PMID: 9166425

Geissmann F, Jung S, Littman DR. 2003. Blood monocytes consist of two principal subsets with distinct
migratory properties. Immunity 19:71-82. DOI: https://doi.org/10.1016/s1074-7613(03)00174-2, PMID:
12871640

Gerard C, Frossard JL, Bhatia M, Saluja A, Gerard NP, Lu B, Steer M. 1997. Targeted disruption of the beta-
chemokine receptor CCR1 protects against pancreatitis-associated lung injury. The Journal of Clinical
Investigation 100:2022-2027. DOI: https://doi.org/10.1172/JCI119734, PMID: 9329966

Gibbings SL, Thomas SM, Atif SM, McCubbrey AL, Desch AN, Danhorn T, Leach SM, Bratton DL, Henson PM,
Janssen WJ, Jakubzick CV. 2017. Three Unique Interstitial Macrophages in the Murine Lung at Steady State.
American Journal of Respiratory Cell and Molecular Biology 57:66-76. DOI: https://doi.org/10.1165/rcmb.
2016-03610C, PMID: 28257233

Glass WG, Lim JK, Cholera R, Pletnev AG, Gao J-L, Murphy PM. 2005. Chemokine receptor CCR5 promotes
leukocyte trafficking to the brain and survival in West Nile virus infection. The Journal of Experimental Medicine
202:1087-1098. DOI: https://doi.org/10.1084/jem.20042530, PMID: 16230476

Griffith JW, Sokol CL, Luster AD. 2014. Chemokines and chemokine receptors: positioning cells for host defense
and immunity. Annual Review of Immunology 32:659-702. DOI: https://doi.org/10.1146/annurev-immunol-
032713-120145, PMID: 24655300

Haringman JJ, Smeets TJM, Reinders-Blankert P, Tak PP. 2006. Chemokine and chemokine receptor expression
in paired peripheral blood mononuclear cells and synovial tissue of patients with rheumatoid arthritis,
osteoarthritis, and reactive arthritis. Annals of the Rheumatic Diseases 65:294-300. DOI: https://doi.org/10.
1136/ard.2005.037176, PMID: 16107514

Hirai H, Fujishita T, Kurimoto K, Miyachi H, Kitano S, Inamoto S, Itatani Y, Saitou M, Maekawa T, Taketo MM.
2014. CCR1-mediated accumulation of myeloid cells in the liver microenvironment promoting mouse colon
cancer metastasis. Clinical & Experimental Metastasis 31:977-989. DOI: https://doi.org/10.1007/s10585-014-
9684-z, PMID: 25326065

Humbles AA, Lu B, Friend DS, Okinaga S, Lora J, Al-Garawi A, Martin TR, Gerard NP, Gerard C. 2002. The
murine CCR3 receptor regulates both the role of eosinophils and mast cells in allergen-induced airway
inflammation and hyperresponsiveness. PNAS 99:1479-1484. DOI: https://doi.org/10.1073/pnas.261462598,
PMID: 11830666

Lam AJ, St-Pierre F, Gong Y, Marshall JD, Cranfill PJ, Baird MA, McKeown MR, Wiedenmann J, Davidson MW,
Schnitzer MJ, Tsien RY, Lin MZ. 2012. Improving FRET dynamic range with bright green and red fluorescent
proteins. Nature Methods 9:1005-1012. DOI: https://doi.org/10.1038/nmeth.2171, PMID: 22961245

Luckow B, Hanggli A, Maier H, Chilla S, Loewe RP, Dehmel S, Schléndorff D, Loetscher P, Zerwes HG, Mdller M.
2009. Microinjection of Cre recombinase protein into zygotes enables specific deletion of two eukaryotic
selection cassettes and enhances the expression of a DsRed2 reporter gene in Ccr2/Cer5 double-deficient
mice. Genesis (New York, N.Y) 47:545-558. DOI: https://doi.org/10.1002/dvg.20531, PMID: 19517561

Ma W, Bryce PJ, Humbles AA, Laouini D, Yalcindag A, Alenius H, Friend DS, Oettgen HC, Gerard C, Geha RS.
2002. CCR3 is essential for skin eosinophilia and airway hyperresponsiveness in a murine model of allergic skin
inflammation. The Journal of Clinical Investigation 109:621-628. DOI: https://doi.org/10.1172/JC114097, PMID:
11877470

Mantovani A. 1999. The chemokine system: redundancy for robust outputs. Immunology Today 20:254-257.
DOI: https://doi.org/10.1016/s0167-5699(99)01469-3, PMID: 10354549

Myers MJ, Deaver CM, Lewandowski AJ. 2019. Molecular mechanism of action responsible for carrageenan-
induced inflammatory response. Molecular Immunology 109:38-42. DOI: https://doi.org/10.1016/j.molimm.
2019.02.020, PMID: 30851635

Nomiyama H, Osada N, Yoshie O. 2011. A family tree of vertebrate chemokine receptors for A unified
nomenclature. Developmental and Comparative Immunology 35:705-715. DOI: https://doi.org/10.1016/j.dci.
2011.01.019, PMID: 21295066

Pease JE. 2011. Targeting chemokine receptors in allergic disease. The Biochemical Journal 434:11-24. DOI:
https://doi.org/10.1042/BJ20101132, PMID: 21269275

Pope SM, Zimmermann N, Stringer KF, Karow ML, Rothenberg ME. 2005. The eotaxin chemokines and CCR3 are
fundamental regulators of allergen-induced pulmonary eosinophilia. Journal of Imnmunology (Baltimore, Md)
175:5341-5350. DOI: https://doi.org/10.4049/jimmunol.175.8.5341, PMID: 16210640

Proudfoot AEI, Bonvin P, Power CA. 2015. Targeting chemokines: Pathogens can, why can't we? Cytokine
74:259-267. DOI: https://doi.org/10.1016/j.cyto.2015.02.011, PMID: 25753743

Puranik AS, Leaf IA, Jensen MA, Hedayat AF, Saad A, Kim KW, Saadalla AM, Woollard JR, Kashyap S, Textor SC,
Grande JP, Lerman A, Simari RD, Randolph GJ, Duffield JS, Lerman LO. 2018. Kidney-resident macrophages
promote a proangiogenic environment in the normal and chronically ischemic mouse kidney. Scientific Reports
8:13948. DOI: https://doi.org/10.1038/s41598-018-31887-4, PMID: 30224726

Righetti RF, Dos Santos TM, Camargo LDN, Aristételes L, Fukuzaki S, de Souza FCR, Santana FPR,
de Agrela MVR, Cruz MM, Alonso-Vale MIC, Genaro IS, Saraiva-Romanholo BM, Leick EA, Martins MDA,
Prado CM, Tibério IDF. 2018. Protective Effects of Anti-IL17 on Acute Lung Injury Induced by LPS in Mice.
Frontiers in Pharmacology 9:1021. DOI: https://doi.org/10.3389/fphar.2018.01021, PMID: 30337870

Medina-Ruiz et al. eLife 2022;11:€72418. DOI: https://doi.org/10.7554/eLife.72418 26 of 27


https://doi.org/10.7554/eLife.72418
https://doi.org/10.1084/jem.185.11.1959
http://www.ncbi.nlm.nih.gov/pubmed/9166425
https://doi.org/10.1016/s1074-7613(03)00174-2
http://www.ncbi.nlm.nih.gov/pubmed/12871640
https://doi.org/10.1172/JCI119734
http://www.ncbi.nlm.nih.gov/pubmed/9329966
https://doi.org/10.1165/rcmb.2016-0361OC
https://doi.org/10.1165/rcmb.2016-0361OC
http://www.ncbi.nlm.nih.gov/pubmed/28257233
https://doi.org/10.1084/jem.20042530
http://www.ncbi.nlm.nih.gov/pubmed/16230476
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1146/annurev-immunol-032713-120145
http://www.ncbi.nlm.nih.gov/pubmed/24655300
https://doi.org/10.1136/ard.2005.037176
https://doi.org/10.1136/ard.2005.037176
http://www.ncbi.nlm.nih.gov/pubmed/16107514
https://doi.org/10.1007/s10585-014-9684-z
https://doi.org/10.1007/s10585-014-9684-z
http://www.ncbi.nlm.nih.gov/pubmed/25326065
https://doi.org/10.1073/pnas.261462598
http://www.ncbi.nlm.nih.gov/pubmed/11830666
https://doi.org/10.1038/nmeth.2171
http://www.ncbi.nlm.nih.gov/pubmed/22961245
https://doi.org/10.1002/dvg.20531
http://www.ncbi.nlm.nih.gov/pubmed/19517561
https://doi.org/10.1172/JCI14097
http://www.ncbi.nlm.nih.gov/pubmed/11877470
https://doi.org/10.1016/s0167-5699(99)01469-3
http://www.ncbi.nlm.nih.gov/pubmed/10354549
https://doi.org/10.1016/j.molimm.2019.02.020
https://doi.org/10.1016/j.molimm.2019.02.020
http://www.ncbi.nlm.nih.gov/pubmed/30851635
https://doi.org/10.1016/j.dci.2011.01.019
https://doi.org/10.1016/j.dci.2011.01.019
http://www.ncbi.nlm.nih.gov/pubmed/21295066
https://doi.org/10.1042/BJ20101132
http://www.ncbi.nlm.nih.gov/pubmed/21269275
https://doi.org/10.4049/jimmunol.175.8.5341
http://www.ncbi.nlm.nih.gov/pubmed/16210640
https://doi.org/10.1016/j.cyto.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25753743
https://doi.org/10.1038/s41598-018-31887-4
http://www.ncbi.nlm.nih.gov/pubmed/30224726
https://doi.org/10.3389/fphar.2018.01021
http://www.ncbi.nlm.nih.gov/pubmed/30337870

eLife

Immunology and Inflammation

Rot A, von Andrian UH. 2004. Chemokines in innate and adaptive host defense: basic chemokinese grammar for
immune cells. Annual Review of Immunology 22:891-928. DOI: https://doi.org/10.1146/annurev.immunol.22.
012703.104543, PMID: 15032599

Rottman JB, Slavin AJ, Silva R, Weiner HL, Gerard CG, Hancock WW. 2000. Leukocyte recruitment during onset
of experimental allergic encephalomyelitis is CCR1 dependent. European Journal of Immunology 30:2372-
2377. DOI: https://doi.org/10.1002/1521-4141(2000)30:8<2372::AID-IMMU2372>3.0.CO;2-D, PMID: 10940928

Saederup N, Cardona AE, Croft K, Mizutani M, Cotleur AC, Tsou C-L, Ransohoff RM, Charo IF. 2010. Selective
chemokine receptor usage by central nervous system myeloid cells in CCR2-red fluorescent protein knock-in
mice. PLOS ONE 5:13693. DOI: https://doi.org/10.1371/journal.pone.0013693, PMID: 21060874

Schall TJ, Proudfoot AEI. 2011. Overcoming hurdles in developing successful drugs targeting chemokine
receptors. Nature Reviews. Inmunology 11:355-363. DOI: https://doi.org/10.1038/nri2972, PMID: 21494268

Schyns J, Bai Q, Ruscitti C, Radermecker C, De Schepper S, Chakarov S, Farnir F, Pirottin D, Ginhoux F,
Boeckxstaens G, Bureau F, Marichal T. 2019. Non-classical tissue monocytes and two functionally distinct
populations of interstitial macrophages populate the mouse lung. Nature Communications 10:3964. DOI:
https://doi.org/10.1038/s41467-019-11843-0, PMID: 31481690

Shcherbakova DM, Verkhusha VV. 2013. Near-infrared fluorescent proteins for multicolor in vivo imaging. Nature
Methods 10:751-754. DOI: https://doi.org/10.1038/nmeth.2521, PMID: 23770755

Shi C, Pamer EG. 2011. Monocyte recruitment during infection and inflammation. Nature Reviews. Immunology
11:762-774. DOI: https://doi.org/10.1038/nri3070, PMID: 21984070

Solov'eva T, Davydova V, Krasikova |, Yermak |. 2013. Marine compounds with therapeutic potential in gram-
negative sepsis. Marine Drugs 11:2216-2229. DOI: https://doi.org/10.3390/md 11062216, PMID: 23783404

Subach OM, Cranfill PJ, Davidson MW, Verkhusha VV. 2011. An enhanced monomeric blue fluorescent protein
with the high chemical stability of the chromophore. PLOS ONE 6:€28674. DOI: https://doi.org/10.1371/
journal.pone.0028674, PMID: 22174863

Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, Garin A, Liu J, Mack M, van Rooijen N,

Lira SA, Habenicht AJ, Randolph GJ. 2007. Monocyte subsets differentially employ CCR2, CCR5, and CX3CR1
to accumulate within atherosclerotic plaques. The Journal of Clinical Investigation 117:185-194. DOI: https://
doi.org/10.1172/JCI28549, PMID: 17200718

Tran EH, Kuziel WA, Owens T. 2000. Induction of experimental autoimmune encephalomyelitis in C57BL / 6 mice
deficient in either the chemokine macrophage inflammatory protein-1a or its CCR5 receptor. European Journal
of Immunology 30:1410-1415. DOI: https://doi.org/10.1002/(SICI)1521-4141(200005)30:5<1410::AlD-
IMMU1410>3.0.CO;2-L

Viola A, Luster AD. 2008. Chemokines and their receptors: drug targets in immunity and inflammation. Annual
Review of Pharmacology and Toxicology 48:171-197. DOI: https://doi.org/10.1146/annurev.pharmtox.48.
121806.154841, PMID: 17883327

Wang H, Bian X, Xia L, Ding X, Miller R, Zhang Y, Fu J, Stewart AF. 2014. Improved seamless mutagenesis by
recombineering using ccdB for counterselection. Nucleic Acids Research 42:e37. DOI: https://doi.org/10.1093/
nar/gkt1339, PMID: 24369425

Weber C, Belge KU, von Hundelshausen P, Draude G, Steppich B, Mack M, Frankenberger M, Weber KS,
Ziegler-Heitbrock HW. 2000. Differential chemokine receptor expression and function in human monocyte
subpopulations. Journal of Leukocyte Biology 67:699-704. DOI: https://doi.org/10.1002/jlb.67.5.699, PMID:
10811011

Zlotnik A, Yoshie O. 2000. Chemokines: a new classification system and their role in immunity. Immunity
12:121-127. DOI: https://doi.org/10.1016/s1074-7613(00)80165-x, PMID: 10714678

Medina-Ruiz et al. eLife 2022;11:€72418. DOI: https://doi.org/10.7554/eLife.72418 27 of 27


https://doi.org/10.7554/eLife.72418
https://doi.org/10.1146/annurev.immunol.22.012703.104543
https://doi.org/10.1146/annurev.immunol.22.012703.104543
http://www.ncbi.nlm.nih.gov/pubmed/15032599
https://doi.org/10.1002/1521-4141(2000)30:8<2372::AID-IMMU2372>3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/10940928
https://doi.org/10.1371/journal.pone.0013693
http://www.ncbi.nlm.nih.gov/pubmed/21060874
https://doi.org/10.1038/nri2972
http://www.ncbi.nlm.nih.gov/pubmed/21494268
https://doi.org/10.1038/s41467-019-11843-0
http://www.ncbi.nlm.nih.gov/pubmed/31481690
https://doi.org/10.1038/nmeth.2521
http://www.ncbi.nlm.nih.gov/pubmed/23770755
https://doi.org/10.1038/nri3070
http://www.ncbi.nlm.nih.gov/pubmed/21984070
https://doi.org/10.3390/md11062216
http://www.ncbi.nlm.nih.gov/pubmed/23783404
https://doi.org/10.1371/journal.pone.0028674
https://doi.org/10.1371/journal.pone.0028674
http://www.ncbi.nlm.nih.gov/pubmed/22174863
https://doi.org/10.1172/JCI28549
https://doi.org/10.1172/JCI28549
http://www.ncbi.nlm.nih.gov/pubmed/17200718
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5<1410::AID-IMMU1410>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5<1410::AID-IMMU1410>3.0.CO;2-L
https://doi.org/10.1146/annurev.pharmtox.48.121806.154841
https://doi.org/10.1146/annurev.pharmtox.48.121806.154841
http://www.ncbi.nlm.nih.gov/pubmed/17883327
https://doi.org/10.1093/nar/gkt1339
https://doi.org/10.1093/nar/gkt1339
http://www.ncbi.nlm.nih.gov/pubmed/24369425
https://doi.org/10.1002/jlb.67.5.699
http://www.ncbi.nlm.nih.gov/pubmed/10811011
https://doi.org/10.1016/s1074-7613(00)80165-x
http://www.ncbi.nlm.nih.gov/pubmed/10714678

	Analysis of combinatorial chemokine receptor expression dynamics using multi-­receptor reporter mice
	Editor's evaluation
	Introduction
	Results
	Generation of iCCR-reporter mice
	iCCR-reporter expression accurately replicates iCCR surface presentation
	BM and circulating leukocytes express specific iCCRs
	iCCR expression in resting tissues
	iCCR expressing cells can be directly visualised in tissues
	iCCR expression in BM and circulation under inflammatory conditions
	iCCR expression in inflamed tissues: the air-pouch model
	iCCR expression in inflamed tissues: the intranasal LPS model

	Discussion
	Materials and methods
	Mouse generation and maintenance
	Resting tissue isolation
	Air-pouch model
	LPS model of lung inflammation
	Implantation of IFNγ-loaded subcutaneous osmotic pumps
	Flow cytometry
	Generation of BM-derived moDCs
	RNAscope for the detection of CCR1 mRNA
	Imaging
	Quantification and statistical analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


