

[image: A Human CD68 Promoter-Driven Inducible Cre-Recombinase Mouse Line Allows Specific Targeting of Tissue Resident Macrophages]
A Human CD68 Promoter-Driven Inducible Cre-Recombinase Mouse Line Allows Specific Targeting of Tissue Resident Macrophages





ORIGINAL RESEARCH

published: 06 July 2022

doi: 10.3389/fimmu.2022.918636

[image: image2]


A Human CD68 Promoter-Driven Inducible Cre-Recombinase Mouse Line Allows Specific Targeting of Tissue Resident Macrophages


Agata N. Rumianek 1, Ben Davies 2, Keith M. Channon 2,3, David R. Greaves 1*† and Gareth S. D. Purvis 1,3*†


1 Sir William Dunn School of Pathology, University of Oxford, Oxford, United Kingdom, 2 Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, United Kingdom, 3 Division of Cardiovascular Medicine, Radcliffe Department of Medicine, John Radcliffe Hospital, University of Oxford, Oxford, United Kingdom




Edited by: 

Matthias Mack, University Medical Center Regensburg, Germany

Reviewed by: 

Roland Lang, University Hospital Erlangen, Germany

Morgan Salmon, University of Michigan, United States

*Correspondence: 

David R. Greaves
 david.greaves@path.ox.ac.uk

Gareth S. D. Purvis
 gareth.purvis@cardiov.ox.ac.uk



†These authors share senior authorship


Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 12 April 2022

Accepted: 07 June 2022

Published: 06 July 2022

Citation:
Rumianek AN, Davies B, Channon KM, Greaves DR and Purvis GSD (2022) A Human CD68 Promoter-Driven Inducible Cre-Recombinase Mouse Line Allows Specific Targeting of Tissue Resident Macrophages. Front. Immunol. 13:918636. doi: 10.3389/fimmu.2022.918636



Current genetic tools designed to target macrophages in vivo often target cells from all myeloid lineages. Therefore, we sought to generate a novel transgenic mouse which has a tamoxifen inducible Cre-recombinase under the control of the human CD68 promoter (hCD68-CreERT2). To test the efficiency and specificity of the of Cre-recombinase activity we crossed the hCD68-CreERT2 mice with a loxP-flanked STOP cassette red fluorescent protein variant (tdTomato) mouse. We established that orally dosing mice with 2 mg of tamoxifen for 5 consecutive days followed by a 5-day induction period resulted in robust expression of tdTomato in CD11b+ F4/80+ tissue resident macrophages. Using this induction protocol, we demonstrated tdTomato expression within peritoneal, liver and spleen macrophages and blood Ly6Clow monocytes. Importantly there was limited or no inducible tdTomato expression within other myeloid cells (neutrophils, monocytes, dendritic cells and eosinophils), T cells (CD4+ and CD8+) and B cells (CD19+). We also demonstrated that the level of tdTomato expression can be used as a marker to identify different populations of peritoneal and liver macrophages. We next assessed the longevity of tdTomato expression in peritoneal macrophages, liver and splenic macrophages and demonstrated high levels of tdTomato expression as long as 6 weeks after the last tamoxifen dose. Importantly, hCD68-CreERT2 expression is more restricted than that of LysM-Cre which has significant expression in major myeloid cell types (monocytes and neutrophils). To demonstrate the utility of this novel macrophage-specific Cre driver line we demonstrated tdTomato expression in recruited CD11b+CD64+F4/80+ monocyte-derived macrophages within the atherosclerotic lesions of AAV8-mPCSK9 treated mice, with limited expression in recruited neutrophils. In developing this new hCD68-CreERT2 mouse we have a tool that allows us to target tissue resident macrophages, with the advantage of not targeting other myeloid cells namely neutrophils and inflammatory monocytes.
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1 Introduction

Tissue resident macrophages play an important sentinel role, maintaining tissue homeostasis by surveying local tissue niches for pathogen, and regulating the local inflammatory response (1, 2). Macrophages, also play an important role in initiating a programme of wound repair following infection or tissue injury (3). If tissue homeostasis is not fully restored and inflammation resolution not achieved macrophages can promote continued tissue damage and chronic inflammation in diseases such as diabetes, rheumatoid arthritis and atherosclerosis (4–6).

Tissues harbour two main macrophage populations; those seeded during embryonic development and those that are recruited via the circulation and are monocyte derived (7). Macrophages are classically defined by flow cytometry as having high expression of CD11b and F4/80, however, the levels of F4/80 between tissues varies considerably. For example, peritoneal macrophages express F4/80 at high levels, whereas capsular macrophages in the liver have relatively low levels of F4/80. This makes identifying tissue-resident macrophages difficult (8), especially if they are not under steady state (9). This problem has been further complicated by large scale sequencing projects that have identified increased heterogeneity within cell surface defined macrophage population (10–12).

Cell surface markers are readily available to discriminate common myeloid cell types such as neutrophils and monocytes from macrophages or dendritic cells in both the mouse and human, however, genetic tools for targeting macrophages are lacking in specificity (13). This is most likely due to the common haemopoietic progenitors which give rise to the common myeloid progenitor which produces neutrophils and monocytes (14), which are the cells that are mostly frequently targeted in so called macrophage specific mouse lines. A common progenitor has been identified for dendritic cells and macrophages which makes discrimination of these two related cells types challenging (15).

More complexity arises in the fact that tissue resident macrophages are thought to be a self-renewing population; however, there is now a bulk of evidence to suggest that with age embryonically seeded tissue resident macrophages are replenished by monocyte-derived macrophages (12, 16). This raises the question as to what a tissue resident macrophage actually is, and what their functions are in different tissues (17, 18). Within the heart tissue resident macrophages have essential and diverse functionality in health; for example in coronary blood and lymphatic vessel development (19, 20) and facilitation of cardiac conduction (21). They also have a critical role in tissue remodelling post injury following myocardial ischaemia (22). In other organs such as skeletal muscle, the eye and the pancreas it is becoming evident that tissue resident macrophages also have unique functions (23, 24). Additionally, within the peritoneal cavity, there is a homogenous population of CD11b and F4/80-expressing peritoneal macrophages but two populations can be identified by size. The large peritoneal macrophages (LPM) which account for approximately 90% of all peritoneal macrophages and are derived embryonically, and small peritoneal macrophages (SPM) which account for around 10% and are derived from circulating monocytes (25).

Human CD68 and its murine homolog, macrosialin (Cd68), are glycosylated type 1 transmembrane proteins that belong to the lysosomal/endosomal-associated membrane glycoprotein (LAMP) family and are widely used as a macrophage marker (26). Although widely cited to be localised to the endocytic compartment its function is not fully elucidated but roles in both antigen processing and as a scavenger receptor have been reported. The murine Cd68 (macrosalin) and human CD68 gene differ in that the first intron (IVS-1) of human CD68 gene region has an additional regulatory element which specifically directs CD68 expression in macrophages, whereas the first intron of the mouse Cd68 gene can direct expression on non-macrophage cells (27, 28). We have previously generated a transgenic reporter mouse line, by expressing a green fluorescent protein gene under the transcriptional control of a hCD68-promoter IVS-1 expression cassette (29). This directs expression of GFP in bone marrow, circulating monocytes and tissue resident and recruited macrophages (30). There is also considerable expression in neutrophils and other myeloid cell linages due the expression of the hCD68-GFP transgene during embryogenesis and haematopoiesis (29).

To better study tissue resident macrophage biology, we wanted to create a more macrophage restricted Cre driver mouse line. To do this we established a novel knock-in mouse line hCD68-CreERT2, which expressed the tamoxifen inducible CreERT2 recombinase under the control of the human CD68 promoter and the regulatory element in IVS-1. We predicted that inducible Cre-recombinase activity would be more restricted to macrophages because it would avoid the early expression profile of CD68 during embryogenesis and haematopoiesis. Our goal was to overcome the limited macrophage specificity seen in available ‘macrophage specific’ targeting mouse lines.



2 Materials and Methods


2.1 Animal Studies


2.1.1 Ethical Statement

All animal experiments were conducted in accordance to the Animal (Scientific Procedures) Act 1986, with procedures reviewed by the Sir William Dunn School of Pathology (SWDSOP) ethical review body (AWERB) and conducted under project licence P144E44F2 at the University of Oxford. Animals were housed in individually ventilated cages (between 2 and 6 mice per cage) in specific pathogen free conditions. All animals were provided with standard chow and water ad libitum and, maintained on a 12 h light: 12 h dark cycle at controlled temperature (20–22°C) and humidity. Breeding strategies were optimised to reduce numbers of animals used.



2.1.2 Generation of hCD68-CreERT2 Mouse

A tamoxifen inducible Cre recombinase cDNA (CreERT2) was cloned downstream of a CD68 promoter, consisting of 2.9 kb of CD68 5’ flanking sequence with the 83-bp first intron (IVS-1) of the CD68 gene (PMID 11454064), together with a rabbit beta-globin polyadenylation sequence. This transgenic cassette was subcloned into the pExchange4-CB9 vector suitable for PhiC31 integrase mediated cassette exchange at the Gt(ROSA)26Sor locus (PMID 21853122). The resulting vector, CB9-CD68-CreERT2 contains a promoterless neomycin phosphotransferase cassette, upstream of CD68-CreERT2-pA and the whole array is flanked by PhiC31 attP sites.

CB9-CD68-CreERT2 DNA (5 µg) was electroporated into 1 × 106 RS-PhiC embryonic stem cells, a C57BL/6N JM8F6 derived line (PMID 26369329), using the Neon transfection system (Life Technologies) (3 × 1400 V, 10 ms), and selected in 210 µg/ml G418 for 7 days. Resistant colonies were isolated, expanded and screened for correct cassette exchange at the Gt(ROSA)26Sor locus using primers CAG-F (5′-CAGCCATTGCCTTTTATGGT-3) and ExNeo2 (5′-GTTGTGCCCAGTCATAGCCGAATAG-3′) to verify the 5’ integration event and att-F1 (5′-GCACTAGTTCTAGAGCGATCCCC-3’) and 3HR-R1 (5′-CGGGAGAAATGGATATGAAGTACTGGGC-3′) to verify the 3’ integration event. Recombinant ES cells were injected into albino C57BL/6J blastocysts, and the resulting chimeras were bred with albino C57BL/6J mice to confirm germline transmission.



2.1.3 Generation of hCD68-CreERT2 LSL-tdTomato Mice

Gt(ROSA)26Sortm27.1(CAG-COP4*H134R/tdTomato) (LSL-tdTomato) mice were bought from The Jackson Laboratory and maintained in-house and genotype confirmed using PCR. LSL-tdTomato heterozygous females were crossed with hCD68-CreERT2 heterozygous males. Off-spring were then genotyped to confirm presence of transgenes. Mice which were heterozygous for both transgenes, hCD68-CreERT2 LSL-tdTomato (hCD68-tdTom) were used to assess Cre-recombinase efficacy in further experiments. Littermates were used as negative controls.



2.1.4 Tamoxifen Preparation

Tamoxifen (catalog #156738; MP Biomedicals) was dissolved in 100% ethanol followed by dilution in peanut oil (catalog #P2144; Sigma‐Aldrich) at the final concentration of 10 mg/ml.



2.1.5 Cre-Recombinase Induction Protocol

8 to 13-week-old male and female mice were given tamoxifen (2 mg; for 5 days; via oral gavage) or peanut oil as vehicle control. Mice were killed humanely and tissues harvested 5 days or 6 weeks and 5 days after the final dose; refer to Figures 1 and 5 for timeline.




Figure 1 | Design and generation of the inducible hCD68-CreERT2 model. (A) Presence of Cre recombinase and tdTomato genes was confirmed by extracting DNA from ear notches, a standard PCR amplification and running side-by-side on an agarose gel for all genotypes available for het x het breeding strategy (see methods for details). (B) Tamoxifen dosing protocol for induction of Cre recombinase activity in hCD68-CreERT2 model. (C) Principles of the human CD68 promoter-driven tamoxifen inducible Cre recombinase activation; not to scale.






2.2 Flow Cytometry

Cells were washed in FACS buffer (0.05% BSA, 2 mM EDTA in PBS, pH 7.4) blocked using anti-CD16/32 (1 µg; Biolegend) for 15 mins at 4°C, followed by 30 min antibody staining for the surface markers with isotype controls. Cells were again washed and resuspended in 200 µL of FACS buffer without fixation. Antibodies used are listed in Table 1, all bought from BioLegend apart from FITC-CD8a, which was bought from BD Biosciences.


Table 1 | List of flow cytometry antibodies used in this study.



Intracellular staining was performed as per manufacturer’s instructions using eBioscience FOXP3/Transcription Factor Staining Buffer Set (invitrogen). Briefly, after the last wash of the extracellular staining protocol, cells were fixed in Fixation/Permeabilization Buffer for 30 min at room temperature. Cells were washed and resuspended in Permeabilization Buffer; intracellular antibodies were added for 30 min in room temperature. Cells were again washed in Permeabilization Buffer and resuspended in FACS buffer for flow cytometric analysis.

Data were acquired using BD Fortessa X20 cytometer and Diva software (BD Biosciences) and then analysed using FlowJo (Tree Star Inc, USA) software. Fluorescence minus One (FMO) controls were used for gating and single stains for compensation were obtained using UltraComp eBeads™ Compensation Beads (InVitrogen) for liver, spleen and blood panels and single stained cell samples for peritoneal cells.



2.3 Fluorescent Microscopy

Mice were perfused with 10-20 mL of cold PBS and organs were harvested into 4% paraformaldehyde and incubated at 4oC for 6 hours before transferring into 30% sucrose overnight to dehydrate. Samples were then embedded OCT matrix and sectioned at –20oC at 5 µm per section. Sections were then countered-stained with DAPI. Images were taken using Live Cell Olympus Confocal Microscope.



2.4 Hyperlipidaemia Model

hCD68-tdTom male and female mice and their control littermates were injected intravenously once with AAVmPCSK9 (AAV.8TBGmPCSK9D377Y, Penn Vector Core) at 5×1011 viral particles/mouse and placed onto a high fat and cholesterol diet (SDS 829108 Western RD diet) for 16 weeks. After 16 weeks mice were orally gavaged with 2 mg of tamoxifen or peanut oil as a vehicle control for 5 consecutive days and tissues were collected 5 days later; refer to Figure 7 for timeline.



2.5 Oil Red O Staining

Perfusion fixed frozen hearts were embedded in OCT and cut in 5 μm sections. Sections were brought to room temperature, washed with 60% isopropanol, then saturated with Oil Red O (1% w/v, 60% isopropanol) for 15 min, washed in 60% isopropanol and rinsed in distilled water. Sections were then counterstained with haematoxylin. Coverslips were applied in aqueous mounting medium.



2.6 Aortic Digestion

All enzymes were purchased from Sigma-Aldrich, unless stated otherwise. Tissues were isolated in 5% FBS in RPMI-1640 (Gibco). Tissues were cut into small pieces and digested in the enzyme cocktail (450 U/ml collagenase I, 125 U/ml collagenase XI 60 U/ml hyaluronidase and 60 U/ml DNase I (ThermoFisher Scientific)) at 37 °C in shaker for 50 min. The cells were retrieved by passing tissue pieces through a 70 μm cell strainer (Greiner Bio-One) and processed for immunofluorescent staining for flow cytometry (31).



2.7 Statistical Analysis

All experiments were designed, where possible, to generate groups of equal size. Where possible, blinding and randomisation protocols were used. All data in the text and figures are presented as mean ± standard error mean (SEM) of n observations, where n represents the number of animals studied (in vivo) or independent values, not technical replicates (in vitro). All statistical analysis was calculated using GraphPad Prism 9 (GraphPad Software, San Diego, California, USA; RRID : SCR_002798). When the mean of two experimental groups were compared, a two-tailed Students t-test was performed. Normally distributed data without repeated measurements were assessed by a one-way ANOVA followed by Bonferroni correction if the F value reached significance; two-way ANOVA was used for comparing control and experimental mice across two separate conditions In all cases a P < 0.05 was considered significant.




3 Results


3.1 Generation of hCD68-CreERT2-tdTomato Reporter Mouse

To exploit the macrophage targeting activity of the human CD68 promoter which includes the regulatory element IVS-1 (28, 32) we engineered a DNA construct that encoded a tamoxifen inducible Cre recombinase (33) under the hCD68 promoter regulatory region, this was then inserted into the ROSA26 locus of embryonic stem cells before being injected into albino C57BL/6J blastocysts yielding hCD68-CreERT2 chimeric founders. Mice were fertile and produced an expected Mendelian ratio of transgenic and non-transgenic litter mates with no obvious developmental defects. Genotype was confirmed by PCR. Heterozygous offspring were then bred with LSL-tdTomato mice to generate double transgenic experimental mice (hCD68-tdTom) (Figure 1A), littermates carrying no transgenes, or a single transgene were used as controls; out of 444 pups born during this study 109 were heterozygous for both alleles, 101 mice were heterozygous for hCD68-CreERT2 only, 102 mice were heterozygous for tdTomato only and 132 mice were wild-typed for both alleles. The optimal Cre recombinase induction protocol was determined to be administration of tamoxifen (2 mg per mouse; p.o.) for 5 days, and collection of cells and tissues 5 days later (Figure 1B).



3.2 The hCD68 Promotor Drives Inducible Cre-Recombinase in Tissue Resident Macrophages

In order to assess the pattern of inducible Cre activity in tamoxifen treated hCD68-tdTom mice in different tissue resident macrophage populations we used flow cytometry with panels of well characterised monoclonal antibodies. When compared to vehicle treated hCD68-tdTom mice, tamoxifen treated hCD68-tdTom mice had robust expression of tdTomato in CD11b+F4/80+ peritoneal resident macrophages (Figures 2A–C). We further investigated the level of tdTomato expression in two known peritoneal macrophage populations (Supplementary Figure 1). When compared to vehicle treated hCD68-tdTom mice, in tamoxifen treated hCD68-tdTom mice ~40% of LPM displayed tdTomato expression, while ~ 20% of SPM displayed tdTomato expression, moreover, the level of tdTomato expression (MFI) was significantly lower in SPM compared to LPM.




Figure 2 | The hCD68 promoter driven inducible Cre recombinase has high activity levels in tissue resident macrophages. Tissue-resident macrophage populations in (A) peritoneal cavity, (D) spleen and (G) liver were defined as CD11b+ and F4/80+ cells (gating strategy shown by representative dot plots) with the corresponding frequency of tdTomato-expressing macrophages as a proportion of all macrophages shown in (B) peritoneal cavity, (E) spleen and (H) liver and with respective mean fluorescence intensity values of tdTomato expression in the whole macrophage population in (C), (F) and (I); one-way ANOVA (* = p < 0.05). Representative immunofluorescence images of endogenous tdTomato expression in (J) the spleen and (K) the liver at 100x magnification with DAPI in blue and tdTomato in red; scale bar = 50µm.



Within the spleen of tamoxifen treated hCD68-tdTom mice there was robust expression of tdTomato in CD11b+F4/80+ macrophages (Figures 2D–F). As the spleen is a reservoir for multiple myeloid cell types tdTomato expression was quantified in other myeloid cell populations within the spleen. Monocytes were sub-divided into Ly6Chi (CD11b+CD115+Ly6Chi) and Ly6Clow (CD11b+CD115+Ly6Clow) (Supplementary Figure 2A). Importantly, <5% of Ly6Chi monocytes had tdTomato expression (Supplementary Figure 2B) while ~27% of the splenic Ly6Clow monocytes expressed tdTomato (Supplementary Figure 2C). On the other hand, < 4% of neutrophils (CD11b+Cd115-Ly6G+) expressed tdTomato (Supplementary Figure 2D). We also found that ~20% of splenic dendritic cells (CD45+CD11c+MHCII+) had tdTomato expression (Supplementary Figures 2E/F). In the non-myeloid cells ~ 2.5% of splenic T-cells (CD45+CD11b-CD3+) (Supplementary Figure 2E/G) and 5% B-cells (CD45+CD11b-B220+) expressed tdTomato (Supplementary Figure 2E/H).

The liver has a large and heterogenous population of tissue resident macrophages (34). When compared to vehicle-treated hCD68-tdTom mice, tamoxifen treated hCD68-tdTom mice had robust expression of tdTomato in all liver macrophage populations. Within the liver ~80% of CD11bhiF4/80hi macrophages from tamoxifen treated hCD68-tdTom mice expressed high levels of tdTomato (Figure 2G-I). However, within the liver there is significant heterogeneity within the macrophage population (Supplementary Figure 3); we therefore wanted to further investigate hCD68 promoter driven Cre activity within different macrophage subsets. The populations assessed were lipid-associated macrophages (LAMs; CD11bhiLy6C+CD11c-MHCII+CLEC4Flow; Supplementary Figure 3B), monocyte-derived Kupffer cells (Mono-KC; CD11bhiLy6C+CD11c-MHCII+CLEC4F+; Supplementary Figure 2C), capsular macrophages (CM; CD11blowF4/80intTIM4-MHCII+; Supplementary Figure 3D); Kupffer cells (KC; CD11b+F4/80hiCLEC4FhiTIM4hi; Supplementary Figure 3E). All liver macrophage populations in tamoxifen treated hCD68-tdTom mice expressed tdTomato, however the intensity of tdTomato was different between subsets of liver macrophage (Supplementary Figure 3F). Mono-KCs expressed the highest levels of tdTomato, while CMs expressed the lowest level (Supplementary Figure 3F).

To confirm flow cytometry results we used fluorescent microscopy to visualize endogenous tdTomato expression in the spleen and liver. Control spleens (Figure 2J) and liver (Figure 2K) displayed no expression of tdTomato. However, tamoxifen treated hCD68-tdTom mice displayed a discrete expression pattern of tdTomato within the spleens (Figure 2J) and liver (Figure 2K) that was consistent with data obtained using flow cytometry.



3.3 The hCD68 Promotor Drives Limited Inducible Cre-Recombinase Expression in Circulating Leukocytes

Previously the hCD68 protomer was used to drive green fluorescent protein and was shown to have robust expression profiles in non-macrophage myeloid cell populations namely, monocytes and neutrophils (29, 30). Therefore, Cre-recombinase activity was assessed in circulating myeloid and non-myeloid leukocyte populations. There was no detectable tdTomato expression in circulating CD11b+CD115+ monocytes from control mice, however, tamoxifen treated hCD68-tdTom mice had a small but significant increase in the number of tdTomato expressing cells (Figure 3B). We further assessed the level of tdTomato expression in Ly6Chigh and Ly6Clow monocytes. Interestingly, we only saw evidence of td-Tomato expression in Ly6Clow monocytes, suggesting that the inducible hCD68 promotor driven Cre-recombinase has activity in patrolling Ly6Clow monocytes (Figure 3C). Other myeloid Cre driver lines have significant activity in neutrophils. We therefore wanted to ascertain if the inducible hCD68 driven Cre recombinase had any activity in circulating neutrophils. Tamoxifen treated hCD68-tdTom mice had no or very low expression of tdTomato (<2%) in CD11b+CD115-Ly6G+ neutrophils (Figure 3D). Similarly, there was <5% expression of tdTomato in dendritic cells from tamoxifen treated hCD68-tdTom mice and <1% tdTomato expression in eosinophils from tamoxifen treated hCD68-tdTom mice (Figures 3F, G respectively). Additionally, there was almost no tdTomato expression in CD4+, CD8+ T-cells or in circulating B-cells in tamoxifen treated hCD68-tdTom mice (Figures 3I-K respectively). Taken together, these results demonstrate that hCD68 driven inducible Cre recombinase is highly selective for macrophage populations in vivo and has little activity in circulating myeloid and lymphoid cell populations.




Figure 3 | The hCD68 promoter driven inducible Cre recombinase has limited activity in circulating leukocytes. (A) Representative dot plots of the gating strategy for neutrophils (CD11b+, CD115-, Ly6G+), total monocytes (CD11b+, CD115+, Ly6G-), Ly6Chigh and Ly6Clow monocytes (CD11b+, CD115+, Ly6G-, Ly6C+ and CD11b+, CD115+, Ly6G-, Ly6C- respectively). B) Frequency of tdTomato-expressing monocytes as a proportion of all monocytes. (C) Frequency of tdTomato-expressing Ly6Chigh and Ly6Clow monocytes. (D) Frequency of tdTomato-expressing neutrophils as a proportion of all neutrophils. (E) Representative dot plots of the gating strategy for dendritic cells (CD45+, CD11b+, Siglec F-, MHCII+, CD11c+) and eosinophils (CD45+, CD11b+, Siglec F+). (F) Frequency of tdTomato-expressing dendritic cells as a proportion of all dendritic cells. (G) Frequency of tdTomato-expressing eosinophils as a proportion of all eosinophils. (H) Representative dot plots of the gating strategy for CD4 T cells (CD45+, CD4+, CD8-), CD8 T cells (CD45+, CD4-, CD8+) and B cells (CD45+, CD19+). (I) Frequency of tdTomato-expressing CD4 T cells as a proportion of all CD4 T cells. (J) Frequency of tdTomato-expressing CD8 T cells as a proportion of all CD8 T cells. (K) Frequency of tdTomato-expressing B cells as a proportion of all B cells; one-way ANOVA or student t-test as appropriate, (* = p < 0.05).





3.4 The Human CD68 Promoter Has Higher Macrophage Specificity Compared to Endogenous Murine Cd68 Expression

Having shown that hCD68 driven inducible Cre recombinase has selective activity in macrophage populations, versus other myeloid cell populations, we postulated that this could mirror differing levels of the murine Cd68 expression. Even though all CD11b+F4/80+ tissue resident peritoneal macrophages express murine Cd68 (Figures 4C), only around ~30% of the same population express tdTomato (Figure 4D/E). In the circulation (Figure 4F), murine Cd68 was highly expressed by all neutrophils (CD11b+CD115-Ly6G+) (Figure 4G), Ly6Chigh (Figure 4H) and Ly6Clow (Figure 4I) monocytes, but they expressed low to undetectable levels of tdTomato. These results show that the human CD68 promoter has increased lineage specificity for macrophages compared to expression of the murine Cd68/macrosialin.




Figure 4 | The transgenic human CD68 promoter has higher macrophage specificity compared to endogenous murine Cd68 expression. (A) Representative dot plots of the gating strategy for peritoneal macrophages (CD11b+, F4/80+) and their expression of tdTomato and murine CD68 (mCD68). (B) Frequency of tdTomato-expressing peritoneal macrophages as a proportion of all peritoneal macrophages with corresponding mean fluorescence intensity in (C). (D) Frequency of mCD68-expressing macrophages as a proportion of all peritoneal macrophages with corresponding mean fluorescence intensity in (E). (F) Representative dot plots of the gating strategy for blood neutrophils (CD115-, Ly6G+), Ly6Chigh and Ly6Clow monocytes (CD115+, Ly6G-, Ly6C+ and CD115+, Ly6G-, Ly6C- respectively) and their expression of tdTomato and mCD68. (G) Comparison of frequency of neutrophils expressing mCD68 and tdTomato. (H) Comparison of frequency of Ly6Chigh monocytes expressing mCD68 and tdTomato. (I) Comparison of frequency of Ly6Clow monocytes expressing mCD68 and tdTomato; for panels (G–I) mCD68 was quantified for control mice without tamoxifen, tdTom was measured for hCD68-tdTom + tamoxifen mice, student t-test (**** = p < 0.0001). ns, not significant.





3.5 TdTomato Expression in Tissue Resident Macrophages Is Maintained for at Least 6 Weeks After Cre Recombinase Activation

To test the longevity of tdTom expression following hCD68 driven Cre recombinase induction a 6-week protocol was used; baseline tdTom expression was determined 5 days after the last tamoxifen dose and a second group of mice (+ 6 weeks) was harvested after 6 weeks later (Figure 5A). tdTomato expression was assessed in macrophage populations within the peritoneal cavity, spleen and liver macrophages and in circulating leukocytes at baseline and + 6 weeks. There was no decrease in the number of tdTomato expressing macrophages in the peritoneal cavity (Figure 5B), spleen (Figure 5D) and liver (Figure 5F) in the +6 weeks group, however, there was increase in the intensity of tdTomato expression in the peritoneal cavity (Figure 5C) and spleen (Figure 5E) compared to baseline. Within circulating immune cell populations there was no expression of tdTomato in circulating neutrophils (Figure 5H) or Ly6Chi monocytes (Figure 5I) and in the +6 weeks group and there was a significant decrease in the number of tdTomato expressing Ly6Clow monocytes (Figure 5J) compared to baseline.




Figure 5 | TdTomato expression in tissue resident macrophages is maintained for at least 6 weeks after Cre recombinase activation. In panels (B, D, F, H–J) control + tamoxifen mice are marked as blue dots; hCD68-tdTom + tamoxifen mice are marked as black dots. In all panels mice with the usual 5 days wash out period are marked ‘Baseline’, while mice with an additional 6 weeks wait are marked ‘+ 6 weeks’. (A) Tamoxifen dosing protocol for induction of Cre recombinase activity and assessment of targeting efficiency 6 weeks post-induction in hCD68-CreERT2 model. Frequency of tdTomato-expressing macrophages as a proportion of all macrophages in (B) peritoneal cavity (D) spleen and (F) liver with corresponding mean fluorescence intensity of tdTomato+ macrophages for ‘Baseline’ and ‘+6 weeks’ groups in (C, E, G). Frequency of tdTomato-expressing blood (H) neutrophils, (I) Ly6Chigh monocytes and (J) Ly6Clow monocytes as a proportion of all blood leukocytes of the given type for ‘Baseline’ and ‘+6 weeks’ groups; two-way ANOVA in panels (B, D, F, H–J), student t-test in panels (C, E, G), (* = p < 0.05). ns, not significant.





3.6 The Human CD68 Promotor-Driven Inducible Cre Recombinase Improves Targeting of Liver Macrophages Compared to LysM-Cre.

The LysM-Cre is one of the most widely used macrophage Cre driver mice. We therefore, wanted to compare tdTomato expression in tamoxifen treated hCD68-tdTom mice with constitutively activated LyM-Cre-tdTom mice. Cre activation in both hCD68-tdTom and LysM-Cre-tdTom resulted in tdTomato expression in macrophages in the peritoneal cavity (Figure 6A/B), spleen (Figure 6C/D) and liver (Figure 6E/F). Peritoneal cavity macrophages from LysM-Cre-tdTom mice, also had higher levels of tdTom expression (Figure 6B), while no difference in MFI was seen in splenic macrophages (Figure 6D). Livers from tamoxifen treated hCD68-tdTom had significantly more tdTomato expressing macrophages than livers from LysM-Cre-tdTom mice (Figure 6E), however, there was no difference in MFI (Figure 6F). Fluorescent microscopy to visualize tdTomato expression and confirmed flow cytometry results in the spleen (Figure 6G) and liver (Figure 6H).




Figure 6 | The hCD68 promoter driven inducible Cre recombinase improves targeting of liver macrophages compared to LysM-Cre. In all panels control mice (littermates of hCD68-tdTom mice that were given tamoxifen or littermates of LysM-tdTom mice) are marked as black dots; Cre-tdTom mice (hCD68-tdTom + tamoxifen or LysM-tdTom mice) are marked as blue dots. Frequency of tdTomato-expressing macrophages as a proportion of all macrophages in (A) peritoneal cavity (C) spleen and (E) liver with corresponding mean fluorescence intensity of tdTomato+ macrophages for hCD68-CreERT2 and LysM-Cre mice in (B,  D, F). Representative immunofluorescence images of endogenous tdTomato expression in (G) the spleen and (H) the liver of hCD68-tdTom and LysM-tdTom mice at 100x magnification with DAPI in blue and tdTomato in red; scale bar = 25 µm. Frequency of tdTomato-expressing blood (I) neutrophils, (J) Ly6Chigh monocytes and (K) Ly6Clow monocytes as a proportion of all blood leukocytes of the given type for hCD68-CreERT2 and LysM-Cre mice.; two-way ANOVA in panels (A, C, E, I–K), student t-test in panels (B, D, F), (* = p < 0.05). ns, not significant.



We next wanted to examine the specificity of the hCD68-CreERT2 expression by assessing tdTomato in circulating leukocyte populations. We demonstrated that tamoxifen treated hCD68-tdTom mice have almost no expression of tdTomato on blood neutrophils (Figure 6I); however, ~90% of circulating neutrophils in LysM-Cre-tdTom mice expressed tdTom (Figure 6I). A similar result was seen in blood Ly6Chi monocytes; only ~2.5% of Ly6Chi monocytes in tamoxifen treated hCD68-tdTom expressed tdTomato, whereas ~66% of Ly6Chi monocytes from LysM-Cre-tdTom mice expressed tdTomato (Figure 6J). Additionally, ~20% of Ly6Clow monocytes from tamoxifen treated hCD68-tdTom expressed tdTomato, whereas ~83% of Ly6Clow monocytes from LysM-Cre-tdTom mice expressed tdTomato (Figure 6K).



3.7 The Human CD68 Promotor-Driven Inducible Cre Recombinase Targets Recruited Macrophages in Atherosclerotic Lesions

Lipid laden macrophages within arterial walls are a key driver of the pathophysiology in cardiovascular disease. To induce hyperlipidaemia hCD68-tdTom and control mice were injected with a gain-of-function mutant PCSK9 adeno-associated virus vector (AAV) or a control viral vector (35). Mice given a single intravenous injection of AAV8-mPCSK9 or control AAV were placed on a high fat diet (HFD). After 16 weeks of HFD feeding hCD68-tdTom mice or control were given tamoxifen to induce Cre recombinase activity (Figure 7A). As expected, mice given a single injection of AAV8-mPCSK9 but not a control AAV developed atherosclerotic lesions in the aortic sinus as shown by increased Oil Red O staining (Figure 7B). We next looked for tdTomato expression within atherosclerotic lesions in tamoxifen treated hCD68-tdTom mice. AAV8-mPCSK9 injected hCD68-tdTom mice treated with tamoxifen expressed high levels of tdTomato within the atherosclerotic plaque. (Figure 7C). TdTomato expressing macrophages were distinguishable from auto fluorescent lipid drops, due to the proximal co-localisation of DAPI stained nuclei (Supplementary Figure 4A).




Figure 7 | The hCD68 promoter driven inducible Cre recombinase targets recruited macrophages in the atherosclerotic lesion. (A) Timeline of the inducible PCSK9 atherosclerosis model and induction of Cre recombinase in hCD68-CreERT2 mice. (B) Representative images of Oil Red O staining of the aortic roots confirm the induction of atherosclerotic plaques in the AAV8-mPCSK9 injected groups. (C) Representative immunofluorescence images of endogenous tdTomato expression in the aortic roots at 10x (whole aortic root) and 20x (plaque close-up with plaque edges outlined with the dashed line) magnification with DAPI in blue and tdTomato in red; scale bar = 150 µm in 10x images and 100 µm in 20x images. (D) Frequency of tdTomato-expressing aortic macrophages as a proportion of all aortic macrophages with the corresponding mean fluorescent intensity of total aortic macrophages in (E); one-way ANOVA (* = p < 0.05).



To further assess the tdTom expression in the immune cells compartment of the atherosclerotic lesion we preformed aortic digests followed by flow cytometry (Supplementary Figure 4B). As expected, there was a large population of CD11b+F4/80+CD64+ macrophages in AAV8-mPCSK9 injected mice. Importantly, when these mice were treated with tamoxifen to induce Cre recombinase activity there was significant induction in expression of tdTomato (Figure 7D). We observed tdTomato expression in ~25% of all Ly6C+ monocyte derived macrophages within in the atherosclerotic lesion (Supplementary Figure 4C), and reassuringly there was no tdTomato expression in recruited neutrophils (Supplementary Figure 4D). As expected within the blood (Supplementary Table 1) and the spleen (Supplementary Table 2) there was limited td-tomato expression in all major leukocyte populations except Ly6Clow monocytes in AAV8-mPCSK9 injected hCD68-tdTom mice treated with tamoxifen.

Of note when compared to baseline, AAV8-mPCSK9 injected hCD68-tdTom mice treated with tamoxifen and fed a HFD for 16 weeks did not have different levels of tdTomato expression in the peritoneal cavity (Supplementary Figure 5A/B) or spleen macrophages (Supplementary Figure 5C/D). Additionally, as expected, in the blood there was no difference in td-Tomato expression in neutrophils (Supplementary Figure 5E/F), Ly6Chigh (Supplementary Figure 5G/H) and Ly6Clo monocytes (Supplementary 5Figure I/J). Of note, there was a higher number of td-Tomato expressing Ly6Chi monocytes within the spleen of atherogenic mice (4.25 ± 0.54 vs 13.50 ± 2.69; Supplementary Table 3). Collectively, these results demonstrate that the human CD68 promoter-driven inducible Cre recombinase can specifically target macrophages with atherosclerotic lesions, with limited targeting to plaque associated neutrophils.




4 Discussion

We have generated and characterised a novel transgenic reporter mouse expressing tamoxifen inducible Cre recombinase under the control of the human CD68 promoter. To assess the efficiency of Cre recombinase activation we crossed the hCD68-CreERT2 mice with commercially available TdTomatoflox/flox mice, a standard way of phenotyping new transgenic Cre driver lines. TdTomato-expressing cells were detected using flow cytometry and confocal microscopy in resident macrophage populations in the peritoneal cavity, spleen and liver (Figure 2). Detailed analysis showed that inducible tdTomato expression is restricted to tissue-resident macrophages, absent from the circulating leukocytes and independent from murine Cd68 expression (Figures 3 and 4 respectively). We tested the longevity of Cre recombinase targeting by allowing 6 weeks wash-out period following the usual dosing protocol and showed no decline in tdTomato expression in tissue-resident macrophage populations (Figure 5). Additionally, we performed a side-by-side comparison with LysM-Cre mice (using the same tdTomatoflox/flox mouse colony for breeding) and showed better macrophage lineage-restricted expression of tdTomato in our model (Figure 6). As a proof-of-concept experiment, we induced atherosclerotic lesions in hCD68-tdTom mice using the PCSK9 model (35) and showed that it is possible to target macrophages recruited to the plaques with our model (Figure 7). Taken together, our experiments show that hCD68-CreERT2 mouse line allows efficient and specific targeting of tissue-resident macrophage populations and can be used in long term studies and disease models.

The search for a truly ‘macrophage-specific’ transgene targeting has so far been unsuccessful, most likely due to all myeloid cells expressing very similar markers at various stages of development (36, 37). CD68 is a classical macrophage-defining marker, frequently used to identify macrophages in histological sections (38). In our new mouse line, tdTomato expression in circulating leukocytes of myeloid origins (neutrophils, monocytes and dendritic cells) is extremely low (Figure 3). This is a crucial difference to our earlier work, where we used the hCD68 promoter IVS-1 cassette and saw constitutive expression of green fluorescent protein in neutrophils, monocytes and macrophages alike (29). We hypothesised that the difference in transgene expression might result from differential expression of murine Cd68 across the myeloid populations in the blood. Contrary to our hypothesis, we saw that macrosialin was highly expressed in all myeloid populations in the peritoneum and blood, including the neutrophils (Figure 4). It has been previously reported that monocytes and a subset of human blood neutrophils can express CD68, but not to the extent we saw in our study (39). The human CD68 promoter and IVS-1 intron expression cassette has been shown to be a very potent driver for macrophage targeting when used in a constitutive GFP transgenic mouse (29). However, due to the nature of this cassette, when activated embryonically it targets other myeloid cell types with efficiency comparable to macrophage targeting, in line with Cd68 being expressed by other myeloid cell types. Iqbal et al. demonstrated that hCD68-GFP protein was detected as early as day E8.5, which is before distinct hematopoietic progeny are present and the emergence of bone fide macrophages within the hematogenic endothelium between E10.5 and E12.5. Similar results have been seen in other inducible hCD68 promoter-driven mice models, where reported expression in blood leukocytes was lower than in other macrophage targeting Cre lines (13, 40). This suggests that human CD68 promoter cassette when activated in adult animals is highly specific for mature tissue resident macrophages, unlike the endogenous expression pattern of murine Cd68.

The main limitation of our transgenic model lies in the fact that we do not achieve full targeting in all tissue resident macrophage populations. This is however unsurprising given that none of the previously published macrophage targeting inducible Cre models achieved full expression in desired cell populations (13, 40, 41). We achieved the highest efficiency of targeting in the liver, which might be due to tamoxifen being metabolised in the liver to its active form (4-hydroxy tamoxifen) and therefore having the highest bioavailability in that tissue (42). Our mouse line achieved better expression in liver macrophages in comparison to LysM Cre mice, which are the gold standard of macrophage targeting lines (Figure 6). Moreover, we were able to discriminate between different sub-populations of liver macrophages and show that Cre recombinase activation varies between them in terms of efficiency of targeting as well as intensity of expression (Supplementary Figure 3). Kupffer cells were the highest expressors of tdTomato in the liver with much lower values in the monocyte-derived sub-populations and in capsular macrophages, reinforcing the idea that hCD68-CreERT2 mouse line preferentially targets tissue resident macrophages. Moreover, we were able to distinguish between macrophage subsets based on significant differences in their mean fluorescence intensity values (34). Encouragingly, we saw no decline in tdTomato expression 6 weeks post-targeting (Figure 5), which further points to the targeting of tissue-resident macrophages, which are known to have a slow turnover (43). In contrast, after the 6 weeks wash-out period there was no expression of tdTomato in the blood at all, since circulating blood cells tend to be short-lived (44).

In a proof of concept experiment we were able to target recruited monocytes and macrophages in a widely used animal model of atherosclerosis. We were able to show that aortic-resident and recruited monocyte-derived macrophages expressed tdTomato, proving the possibility of using our system to study macrophage biology in pathological states (Figure 7 and Supplementary Figure 4). The relatively high level of monocyte targeting compared to homeostatic state in other tissues and in blood could be because monocytes that have migrated into the aortic tissue have most likely started the phenotypic shift towards macrophages and therefore upregulated the expression of hCD68 promoter cassette.

Cre driver mouse lines which are referred to as macrophage-targeting are driven by five main gene expression cassettes, LysM, Csf1r, Cx3cr1, CD11b and F4/80, however none of them are truly macrophage-specific. LysM-Cre was shown by us and others to target all myeloid populations, whilst having relatively low levels of expression in tissue-resident macrophages in spleen and liver (45). Csf1r-Cre mouse was noted to target at least 50% of neutrophils and T cells alongside bone-marrow derived macrophages, while other fluorescent reporter mice driven by Csf1r gene were shown to have high levels of targeting in megakaryocytes and dendritic cells (41, 46). Cx3cr1 promoter cassette has been used to create both constitutive and tamoxifen-inducible Cre mouse lines, however in comparative analysis with other macrophage targeting Cre lines showed that Cx3cr1-Cre had relatively low efficiency of targeting tissue-resident macrophages in the spleen and the lungs whilst having significant spill-over expression into mast cells and dendritic cells (8, 47). CD11b is a pan-myeloid marker and therefore, as expected, induced very high expression in all cells of myeloid lineage, while F4/80 was shown to target only selected tissue-resident macrophage populations due to differences the level of expression of F4/80 between tissues, making both of these mice a fairly rare choice for studying tissue resident macrophages (48, 49).

As we are gaining a better understanding of tissue-resident macrophages, their origins and ways to replenish them, it is crucial to develop more macrophage specific models that can be used for in vivo investigations. So far, the most detailed descriptions of heterogeneous macrophage populations have come from single cell studies, which have their own limitations and constraints in terms of availability to researchers and experimental design. Currently available macrophage-targeting mouse models offer little reassurance that circulating monocytes and neutrophils will not be equally well targeted. In this study we present a novel human CD68 promoter cassette driven inducible CreERT2 mouse model with the potential to improve tissue resident macrophage targeting in vivo. At the steady state, we showed improved specificity of targeting macrophages and minimal off-target effects in the blood, compared to other published mouse Cre driver lines. Moreover, we showed stable targeting over long periods of time and that it is possible to induce the Cre recombinase expression in disease models without disrupting the model itself. We believe that the hCD68-CreERT2 mice will find multiple applications in studying tissue-resident macrophage populations and their heterogeneity in health and disease.
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