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A clear-cut delineation of bovine bona fide dendritic cells (DC) from monocytes has proved challenging, given the high phenotypic and functional plasticity of these innate immune cells and the marked phenotypic differences between species. Here, we demonstrate that, based on expression of Flt3, CD172a, CD13, and CD4, a precise identification of bovine blood conventional DC type 1 and 2 (cDC1, cDC2), plasmacytoid DC (pDC), and monocytes is possible with cDC1 being Flt3+CD172adimCD13+CD4−, cDC2 being Flt3+CD172a+CD13−CD4−, pDC being Flt3+CD172adimCD13−CD4+, and monocytes being Flt3−CD172ahighCD13−CD4−. The phenotype of these subsets was characterized in further detail, and a subset-specific differential expression of CD2, CD5, CD11b, CD11c, CD14, CD16, CD26, CD62L, CD71, CD163, and CD205 was found. Subset identity was confirmed by transcriptomic analysis and subset-specific transcription of conserved key genes. We also sorted monocyte subsets based on their differential expression of CD14 and CD16. Classical monocytes (CD14+CD16−) clustered clearly apart from the two CD16+ monocyte subsets probably representing intermediate and non-classical monocytes described in human. The transcriptomic data also revealed differential gene transcription for molecules involved in antigen presentation, pathogen sensing, and migration, and therefore gives insights into functional differences between bovine DC and monocyte subsets. The identification of cell-type- and subset-specific gene transcription will assist in the quest for “marker molecules” that—when targeted by flow cytometry—will greatly facilitate research on bovine DC and monocytes. Overall, species comparisons will elucidate basic principles of DC and monocyte biology and will help to translate experimental findings from one species to another.
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INTRODUCTION

Dendritic (DC) and monocytic cells are bone-marrow derived innate immune cells with partly overlapping phenotypes and functions (1, 2). Both cell types are well-equipped with pattern-recognition receptors (3), with which they can rapidly sense infection, become activated, and consequently prime the adaptive immune system. Together with embryonically derived macrophages, DC and monocytes belong to the mononuclear phagocyte system and constitute clearly separate lineages as judged by ontogenetic studies in mice (4, 5) and single-cell transcriptomic analyses (6). As a consequence, bona fide DC need to be distinguished from monocyte-derived DC, which are DC-like cells that arise from activated monocytes in tissues.

The current view is that in all species bona fide DC can be classified into three subsets, each of them depending on different transcription factors for their development (7), and specialized to exert different functions (8). Classical/conventional DC type 1 (cDC1) and type 2 (cDC2) are specialized in initiation and shaping of T-cell responses. Mouse studies have provided evidence that cDC1 and cDC2 each preferentially activate CD8 T cells or different subsets of CD4 T cells, according to cross-presentation capabilities and cytokine repertoire (9, 10). The special feature of plasmacytoid DC (pDC), the third subset of DC, is the ability to rapidly produce large amounts of type I interferons upon activation (11), but pDC are also able to activate T cells and to cross-present antigen (12, 13).

Activated monocytes have also been reported to participate in T-cell priming and it is under debate whether they can be as efficient as bona fide DC in fulfilling this task (2). Monocytes can be divided into at least two subsets in mouse (14) and three subsets in humans (15), with different specializations in inflammation and tissue repair (16). Classical monocytes (cM) are defined as Ly6C/Gr1+ in mouse and CD14+CD16− in humans, constitute the majority of blood monocytes, and were shown to function in tissue surveillance and antigen presentation, both under steady-state conditions and upon inflammation. In both human and mouse, cM were shown to express high levels of CCR2 and CD62L, and low levels of CX3CR1 (16). A smaller subset of non-classical monocytes (ncM), CD14lowCD16high in humans, and Ly6C/Gr1− in mouse, was shown to patrol vessel walls and may preferentially give rise to “alternatively activated” monocyte-derived macrophages that function in tissue repair and regeneration (17, 18). These ncM were shown to express high levels of the chemokine receptor CX3CR1 and a number of adhesion molecules that enable them to crawl along endothelia (16). In humans, a third “intermediate” subset (CD14highCD16+) has been described containing a distinctive transcriptome (15). Also monocytes in cattle have been classified into three subsets according to their expression of CD14 and CD16 (19), similar to what has been described for humans (20). However, despite phenotypic similarities, several differences could be found regarding in vitro function of bovine and human monocyte subsets (21, 22).

The difficulty of studying bona fide DC lies in their low abundance (below 0.1% within PBMC of cattle) and in their phenotypic plasticity depending on tissue localization and inflammatory state (5). On top of this plasticity, DC have been shown to differ considerably between species, both in phenotype and function (23, 24), rendering direct translation of experimental findings difficult. Studying the genotype and phenotype of DC subsets in blood provides a snapshot of steady-state DC as they travel from the bone marrow to various lymphoid and non-lymphoid tissues, being as yet uninfluenced by cues from a particular tissue microenvironment.

While monocyte research in cattle is relatively young, some efforts have been made in the last two decades to functionally characterize bovine DC subsets, mainly in afferent lymph (25–31), but also in blood (30, 32–37). High expression of CD205 has been described to allow identification of DC in bovine afferent lymph (38). CD205high afferent lymph DC (ALDC) of cattle have been classified into two subsets (27): a major subset being CD5−CD11a−CD13−CD26−CD172a+and a minor CD5+CD11a+CD13+CD26+CD172a− subset. Within bovine PBMC, high expression of CD205 is also found on B cells (29), but two subsets of CD3−CD14−CD21−CD335−MHC+CD11c+ cDC in blood have been described, which can be discriminated based on the expression level of CD205 (39). Bovine pDC were postulated to be CD3−CD21−CD14−CD4+ and MHC-II+ (30), but were later described to be negative for MHC-II (35).

Thus, available data is in part conflicting and phenotypic definitions are still incomplete and not sufficiently elaborated to clearly differentiate all bovine DC subsets (23). Furthermore, recent developments in the field of DC research, enabled through the use of transcriptomics, have provided a great opportunity for a precise identification of subsets in veterinary species (24, 40). For example, transcription factors have been identified to be required for subset-specific development, and can therefore serve as key genes to confirm subset identity.

Consequently, the aim of the present study was to perform a precise delineation and comparative phenotypic and transcriptional characterization of bovine DC and monocyte subsets. To this end, we have performed extensive phenotypic characterization of bona fide Flt3+ DC and monocytes in blood of cattle, and have confirmed subset identity based on the transcription of subset-restricted key genes. Apart from subset identification, our transcriptomic analyses provide important insights into functional specialization, which is known to differ considerably between species.

MATERIALS AND METHODS

Isolation of Bovine PBMC

Blood of cows (aged 2–6 years, Simmental, Holstein-Friesian, Red Holstein) was collected at the Clinic for Ruminants (Vetsuisse Faculty, University of Bern, Bern, Switzerland) or at the Institute of Virology and Immunology (IVI, Mittelhäusern, Switzerland) by puncturing the jugular vein. For sorting experiments and transcriptomic analyses, six different cows were used (n = 3 for sorting of DC subsets and n = 3 for sorting of monocyte subsets and cDC2′′). As an anticoagulant, citrate-based Alsever's solution (1.55 mM of C6H12O6, 408 mM of Na3C6H5O7·2H2O, 1.078 mM of NaCl, and 43 mM of C6H8O7, pH 6.2) was used. The blood sampling was performed in compliance with the Swiss animal protection law and approved by the animal welfare committee of the Canton of Bern, Switzerland, license number BE102/15. For PBMC isolation, blood was first centrifuged at 1,000 × g for 20 min. Then the buffy coat was collected and diluted with PBS to a ratio of 1 to 1 before being layered onto lymphocyte separation medium (1.077 g/ml; GE Healthcare Europe GmbH, Freiburg, Germany). After centrifugation (800 × g, 25 min), PBMC were collected and washed twice with cold PBS containing 1 mM EDTA (400 × g, 8 min). A final washing step was done at 250 × g (8 min) to remove platelets.

Phenotyping of DC Subsets by Flow Cytometry

Six-color phenotyping of DC subsets was performed in 96-well U-bottom microtiter plates with 2 × 107 freshly isolated PBMC per sample. The staining encompassed five incubation steps, each for 20 min at 4°C. Washing steps between incubations were done with Cell Wash (BD Biosciences). Primary antibodies and secondary reagents are listed in Table 1. As a first step, PBMC were incubated with bovine IgG in order to block Fc receptors. ChromPure mouse IgG (Jackson ImmunoResearch) was used in the fourth step to block remaining binding sites of isotype-specific secondary antibodies. In the final step, anti-His-PE (Miltenyi Biotec) was added together with Live/Dead Near-IR stain (ThermoFisher) in order to stain biotinylated Flt3L. Bovine Flt3L (NCBI NM_181030.2) was produced as previously described (41) and employed to stain Flt3 expressing DC (42). Compensation was calculated by FACSDiva software following the measurement of single-stained samples. For each marker to be examined on DC subsets, a fluorescence-minus-one (FMO) control was included. Samples were acquired with a FACSCanto II flow cytometer (BD Biosciences) equipped with three lasers (405, 488, and 633 nm). At least 1.5 × 106 cells were recorded in the “large-cell” gate.


Table 1. Antibodies and reagents used for flow cytometry.
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Fluorescence-Activated Cell Sorting (FACS) of DC Subsets and Monocyte Subsets

For sorting of putative DC subsets, freshly isolated bovine PBMC were enriched for Flt3 expression by magnetic-activated cell sorting (MACS, Miltenyi Biotec) using His-tagged bovine recombinant Flt3L followed by anti-His-PE, and anti-PE magnetic beads (both Miltenyi Biotec). Enriched DC (~60-fold) were stained with anti-CD4, anti-CD13, and anti-CD172a and corresponding secondary antibodies anti-mouse IgG2a-PECy7, anti-mouse IgG1-Alexa488, and anti-mouse IgG2b-Alexa647 (see Table 1 for antibody reagents). ChromPure mouse IgG (Jackson ImmunoResearch) was used to block remaining binding sites of isotype-specific secondary antibodies. Then, putative pDC were sorted as Flt3+CD4+, putative cDC1 as Flt3+CD4−CD13+CD172alow, and putative cDC2′ as Flt3+CD4−CD13−CD172a+ using a FACS Aria (BD Biosciences).

In order to sort for monocyte subsets together with cDC2, a two-step staining was performed with 3 x 108 freshly isolated PBMC. Cells were incubated with anti-CD14, anti-CD16, anti-CD172a and his-tagged bovine recombinant protein Flt3L, followed by anti-mouse IgM-Alexa647, anti-mouse IgG2a-PECy7, anti-mouse IgG2b-Alexa488, and anti-His-PE. CD172a+CD14+CD16− (cM), CD172a+CD14+CD16+ (intM), CD172a+CD14−CD16high (ncM) and CD172a+CD14−CD16−Flt3+ (cDC2′′) populations were sorted using a FACS Aria (BD Biosciences). All sorted subsets had a purity of at least 97%.

RNA Isolation and Sequencing

FACS-sorted cell subsets were frozen to minus 80°C in TRIzol (ThermoFisher) for later RNA extraction. Total RNA was extracted using the Nucleospin RNA kit (Macherey Nagel), as recently described for porcine DC subsets (24). Quality and quantity of the purified RNA were assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies) and a Qubit 2.0 Fluorometer (Life Technologies). Approximately 500 ng of high-quality RNA (RNA integrity number RIN>8) were used for non-directional paired-end mRNA library preparation (TruSeq Sample Preparation Kit; Illumina). Total mRNA libraries were randomly multiplexed in eight samples per lane and sequenced on the Illumina HiSeq3000 platform using 100 bp single-end sequencing. Between 25.2 and 41.1 million read pairs were obtained per sample. The reads were mapped to the bovine reference genome (Bovine Genome Database, UMD3.1) with Hisat2 v.2.1.0. FeatureCounts from Subread v.1.5.3 was used to count the number of reads overlapping with each gene, as specified in the Ensembl annotation (release 91). The RNAseq data are available in the European Nucleotide Archive (http://www.ebi.ac.uk/ena) under the accession number PRJEB28324.

Interspecies Subset Comparison

Cell-type specific gene transcription signatures were compared with human, murine and porcine subsets. For DC subsets, microarray data from human (GEO GSE35457; blood CD141+ cDC1, blood CD1c+ cDC2, blood pDC, blood CD14+ monocytes) and mouse [GEO GSE35458; spleen CD8+ cDC1, spleen CD4+ cDC2, blood pDC, blood Gr1high monocytes; Haniffa et al. (10)] and RNAseq data from pig [European Nucleotide Archive, accession number PRJEB15381; blood CD172lowCADM1+ cDC1, blood CD172highCADM1+ cDC2, blood pDC, blood CD14+ monocytes; Auray et al. (24)] was used. For monocyte subsets, human [GEO GSE25913; CD14++CD16−, CD14++CD16+, CD14+CD16+; Wong et al. (43)], murine [GEO GSE17256; Gr1high, Gr1low; Ingersoll et al. (44)] and porcine [GEO GSE43898; CD163high, CD163low; Fairbairn et al. (45)] microarray data were used.

For each species, subtype-specific signatures were obtained by performing pairwise tests of differential gene transcription between each cell type and a pool of all remaining cell types. Tests were performed with DESeq2 v.1.18.1 for the RNA-seq data and GEO2R (NCBI) for the published microarray datasets. Microarray probes were excluded from further analysis if they measured multiple genes or if the ortholog of the gene in cattle could not be determined unambiguously. For genes measured by multiple probes on the array, only the one with the highest average transcription level was retained [following Miller et al. (46)]. All gene lists were sorted based on FDR-adjusted P-values to have the most highly upregulated genes at the top and the most strongly downregulated genes at the bottom.

Each cell-type specific signature from cattle was compared with all human, mouse and pig signatures using the R package OrderedList v.1.44.0 (47). This tool determines the number of shared elements in the tails of two lists and calculates a final similarity score where genes receive more weight the closer they are to the top or bottom of the list. This ensures the score is dominated by the genes showing the most significant differential transcription. We report similarity scores based on n = 1,000 genes each from the top and bottom of the lists. The relative similarity among the cell types was generally consistent for other values of n (assessed for values between 100 and 2,500). To assess the statistical significance of the similarity scores, the observed values were compared with a null distribution obtained by reshuffling the genes. Because invariant genes do not influence the similarity score, the middle 60% of genes were excluded from the permutations.

Preparation of Figures

Figures were prepared using FlowJo version 10 (FlowJo LLC, Ashland, OR), GraphPad Prism version 7.03 for Windows (GraphPad Software, San Diego, CA), R version 3.4.2, and Inkscape (www.inkscape.org).

RESULTS

Phenotypic Characterization of Putative DC Subsets in Bovine Blood

Given that DC development and maintenance is dependent on signaling through the cytokine receptor Flt3 (48–50), and that this molecule was previously successfully used to identify porcine DC (24, 42), Flt3 was considered to be suitable for the identification of DC in bovine blood. Staining of bovine PBMC with the His-tagged Flt3L yielded a clearly defined population of binding cells, which expressed differing levels of CD172a (Figure 1A). Using antibodies against CD4 and CD13, this Flt3+ population could be further separated into three subsets. Based on previous studies with bovine DC (27, 30), the CD4+CD13− subset was preliminarily defined as putative pDC, the CD4−CD13+ subset as putative cDC1, and the CD4−CD13− subset as putative cDC2. Further phenotypic characterization of these subsets partially supported this classification and confirmed the identification of phenotypically distinct cell subsets (Figure 1B). In contrast to the vast majority of Flt3−CD172ahigh monocytes, putative DC lacked monocyte-associated molecules CD14 and CD163 but expressed CD205 previously demonstrated to be expressed on bovine ALDC (25, 27, 51). CD11a was expressed on all DC subsets and on monocytes. CD16 was only expressed on a small proportion of monocytes and absent from DC. Molecules involved in antigen presentation and co-stimulation (CD1, CD40, CD80, MHC-II/BoLA-DRA) were expressed at higher levels on putative cDC than on putative pDC. The only exception was CD86, which was expressed to higher levels on putative pDC. CADM1 and CD26 showed the highest expression levels on putative cDC1, whereas monocyte-associated CD11b and CD11c were mainly expressed on putative cDC2. Finally, putative pDC stood out by their high expression of CD5, CD62L and CD71, and their exclusive expression of CD2.


[image: image]

FIGURE 1. Phenotyping of putative DC subsets. Freshly isolated PBMC were stained for flow cytometry. (A) Large cells were selected in FSC-A vs. SSC-A and, following exclusion of doublets and dead cells, Flt3+ cells (DC) and Flt3−CD172ahigh cells (monocytes) were gated. Within Flt3+ cells, three subsets were distinguished based on expression of CD4 and CD13. CD4+CD13− putative pDC, CD4−CD13+ putative cDC1, and CD4−CD13− putative cDC2. Backgating of the respective subsets illustrates expression levels of Flt3 and CD172a. (B) Empty histograms show the expression of various molecules on putative DC subsets and monocytes. Gray histograms show the FMO control. Data are representative for at least 3 animals.



Confirmation of DC-Subset Identity and Delineation From Monocytes

As phenotypic analyses supported a correct identification of DC subsets, the next step was to confirm their identity by looking at subset-conserved gene transcription. For this purpose, Flt3+ CD4/CD13-defined subsets were sorted following magnetic enrichment for Flt3 expression (Figure 2A), and isolated RNA was subjected to high-throughput sequencing. Transcriptomic analysis revealed specific transcription of key genes that have been reported to be subset-defining in mouse, human, sheep and pigs (40). In fact, high levels of messenger RNA for TCF4, SPIB, BLNK, and RUNX2 were exclusively found in putative pDC, XCR1 and CLEC9A transcripts were only found in putative cDC1, and transcripts of FCER1A and CLEC10A were limited to putative cDC2 (Figure 3). IRF4 transcripts were strongly enriched in pDC and cDC2, whereas IRF8 was highly transcribed by pDC and cDC1. For the gene transcription data depicted in bar charts, a table with p-values for all pairwise comparisons performed with DESeq2 is provided as Supplementary File 1.
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FIGURE 2. Gating strategy for sorting of DC and monocyte subsets. (A) Sorting of putative DC subsets. Flt3-enriched PBMC were gated for expression of Flt3 and CD4 (putative pDC), and Flt3+CD4− cells were further gated as CD13+ (putative cDC1) and CD172a+CD13− (putative cDC2′). (B) Sorting of monocyte subsets and putative cDC2. Whole PBMC were gated for large single cells expressing CD172a and monocyte subsets were gated as CD14+CD16− (cM), CD14+CD16+ (intM), and CD14−CD16+ (ncM). Putative cDC2′′ were gated as Flt3+ within the CD14−CD16− gate.
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FIGURE 3. Transcription of key genes. High-throughput sequencing was performed on RNA isolated from sorted DC and monocyte subsets. Mean number of normalized reads and SD is shown for three animals and selected key genes.



In all species, cDC2 are reported to phenotypically resemble monocytes, and the lack of bona fide cDC2-specific markers hampers their accurate identification, especially in tissues and under inflammatory conditions (52). In order to delineate the transcriptome of the newly identified DC subsets, especially cDC2, from monocytes, the three CD14/CD16-defined monocyte subsets reported for cattle (CD14+CD16−, CD14+CD16+, and CD14−CD16+) were sorted together with cDC2 (Figure 2B), and again their isolated RNA was subjected to high-throughput sequencing. Due to the proposed homology to human monocyte subsets (19), CD14+CD16−, CD14+CD16+, and CD14−CD16+ subsets were named classical (cM), intermediate (intM), and non-classical (ncM) monocytes throughout figures and text. The cDC2 subset sorted together with the monocyte subsets was labeled cDC2′′ to keep it apart from the cDC2 subset sorted together with pDC and cDC1, which was labeled cDC2′. The gating strategies for both sortings are shown in Figure 2. Transcriptomic data showed that monocytes lacked transcription of key genes associated with DC, and—as already shown by flow cytometry—monocytes contained transcripts for ITGAM (CD11b). Transcription of CD163 was limited to CD14+CD16− cM. The chemokine receptor CX3CR1 was found to be mainly transcribed by CD16+ monocytes, and to a lesser extent by cDC2 (Figure 3). Figure 4 illustrates transcript levels for additional molecules that have been analyzed by flow cytometry (Figure 1), and indicates overall good correlation of protein expression and mRNA content for monocytes and the different DC subsets.
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FIGURE 4. Transcript levels for molecules previously analyzed by flow cytometry. High-throughput sequencing was performed on RNA isolated from sorted DC and monocyte subsets. Mean number of normalized reads and SD is shown for three animals.



Principal component analysis revealed a clear transcriptomic separation of cDC, pDC, and monocytes (Figure 5). Classical DC1 and cDC2 clustered most closely together but clearly formed separate clusters. Within monocytes, the two CD16+ subsets (intM, ncM) clustered together, but distinctively apart from CD14+CD16− cM. To our surprise, the transcriptomes of cDC2′ and cDC2′′ show consistent differences (dark blue and light blue dots in Figure 5). When looking at the differentially transcribed genes between these two subsets, we found an enrichment in genes involved in translation and metabolism (Supplementary File 2). Despite this batch effect presumably caused by the different sorting approaches, Figures 3, 7–9 demonstrate that key genes and function-related genes, were transcribed with an almost identical pattern in cDC2′ and cDC2′′.
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FIGURE 5. First two axes from a principal component analysis (PCA). High-throughput sequencing was performed on RNA isolated from sorted DC and monocyte subsets and the 500 most variable genes across all samples were included in the PCA. Each dot represents data of one individual animal.



Cell-type specific gene transcription signatures of bovine subsets were compared to putative counterparts in human, pig and mouse by calculating similarity scores (Figure 6). For all species, high scores, indicating strong similarity, were obtained for pDC and cDC1. Bovine cDC2, however, also showed high similarity to porcine and murine monocytes. Bovine cM were found to be highly similar to human and murine cM. Bovine intM and ncM showed high similarity to human and murine intM and ncM. Nevertheless, both of these bovine subsets were most similar to human intM. For porcine monocyte subsets, previously defined based on differential CD163 expression (45), no significant similarity to either one of the bovine monocyte subsets could be found.
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FIGURE 6. Similarity scores. Transcriptomic profiles of bovine DC and monocyte subsets were compared with signatures of corresponding human, porcine, and murine subsets. Statistical significance of the similarity scores was determined by comparing the observed values with a null distribution obtained by reshuffling the genes.*Empirical p < 0.001.



Transcription of Function-Related Genes in DC Subsets and Monocyte Subsets

Transcriptomic data revealed pronounced differences between subsets in regard to gene transcription related to pathogen recognition, migration, antigen presentation and antimicrobial activity (Figures 7, 8). We found that pDC contained high levels of TLR3, TLR7, and TLR9 transcripts, but showed very low transcription of TLR2, TLR4, and TLR5. Classical DC1 contained very low levels of TLR4, TLR5, and TLR7 transcripts. All monocyte subsets almost completely lacked the transcription of TLR3 and TLR9. Bovine cM showed high transcription rates of TLR4 and TLR7, whereas ncM transcribed almost no TLR4, TLR5, and TLR7. TLR10 transcription was found to be below 100 reads in all subsets. Cytosolic PRRs for detection of bacteria (NOD1, NLRP3) showed a high transcription rate in cM whereas RIG-I and MDA5 for detection of viral RNA showed a high level of transcription in CD16+ monocytes (intM and ncM), though inter-individual variation was found to be high.
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FIGURE 7. Transcription of pattern recognition receptor (PRR) genes. High-throughput sequencing was performed on RNA isolated from sorted DC and monocyte subsets. Mean number of normalized reads and SD is shown for three animals and selected PRR.
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FIGURE 8. Transcription of genes coding for chemokine receptors and adhesion molecules (A), BoLA-DRA and co-stimulatory molecules (B), and miscellaneous function-related molecules (C). High-throughput sequencing was performed on RNA isolated from sorted DC and monocyte subsets. Mean number of normalized reads and SD is shown for three animals and selected genes.



Differences between cell subsets were also observed in regard to transcription of genes mediating migration, extravasation, and recruitment to sites of infection (Figure 8A). Classical monocytes contained the highest levels of CCR1 and CCR2 transcripts. Non-classical monocytes lacked the transcription of CCR2 and transcribed very low levels of CCR1, but together with intM they transcribed the highest levels of CX3CR1 (Figure 3). CCR5 gene transcription was highest in pDC and was found to be absent in all monocyte subsets. Interestingly, only pDC contained CCR9 transcripts. CD62L, coding for an adhesion molecule mediating entry into secondary lymphoid organs through high endothelial venules (HEV), showed the highest transcription level in pDC and classical monocytes, and was only weakly transcribed in cDC1. Intermediate monocytes and ncM showed high transcription rates of ITGA4, ITGB1, PECAM1, ITGAL, and ITGB2 (Figure 8A and data not shown). High PECAM1 transcription was also found in cDC1. Regarding molecules involved in antigen presentation and co-stimulation (Figure 8B), pDC stood out among DC by showing by far the lowest levels of transcripts for BoLA-DRA, CD80, and CD40. Only CD86 was transcribed in pDC to similar levels as in cDC. The highest levels of BoLA-DRA mRNA were found in the cDC2 subset. Overall, intM and ncM contained higher levels of transcripts for co-stimulatory molecules than cM. Within DC, TAP1, required for peptide-loading onto MHC-I molecules, showed the highest transcription in cDC1. Both dendritic cells and monocytes contained transcripts for ETV6, a transcription factor involved in IRF8-dependent development of cDC1, and only pDC showed high gene transcription for its antagonist ETS1. Only monocytes and pDC contained transcripts for the chemerin receptor CMKLR1, with the highest transcript levels detected in CD16+ monocytes. MERTK, involved in phagocytosis of dead cells, showed the highest gene transcription in intM and ncM, whereas classical monocytes contained the highest levels of transcripts for pro-inflammatory IL-1B, for neutrophil-attracting CXCL8 and the antimicrobial peptide DEFB1 (Figure 8C).

Subset-Specific Gene Transcription

Gene transcription specifically up- or downregulated in certain subsets can provide a deeper understanding of the specific biology and unique functions of a given subset. Data from pairwise comparisons was used to identify genes that are at least 5-fold up-or downregulated compared to all other subsets with a significance threshold of BH-adjusted p < 0.05. Intermediate and non-classical monocytes were treated as one subset, as were cDC2′ and cDC2′′. Genes that had been assigned below 200 reads in all subsets were omitted. Complete lists of subset-specific genes are provided as Supplementary File 3.

The highest number of differentially transcribed genes was found in pDC (230 upregulated, 83 downregulated). Many of the pDC-enriched genes are associated with B-cell development and function. Among the genes that were specifically downregulated in pDC were the inflammasome-associated genes NLRC4 and NLRP1 and semaphorin receptors PLXND1 and NRP2. Also, LGMN, involved in processing of proteins for MHC-II presentation, showed significantly lower transcription in pDC. In cDC1, a total of 40 genes were upregulated (e.g., CD84 and CD103) and 24 genes downregulated (e.g., CD55). For cDC2 (cDC2′ and cDC2′′), only transcripts for five genes were found to be exclusively upregulated and only ECE1 was found to be at least 5-fold weaker transcribed compared to all other subsets. In cM, we found specific transcription of genes involved in phagocytosis (e.g., DAB2, CLEC4D, CD163) and antimicrobial activity (e.g., DEFB1, DEFB3, HP, CHI3L1). In total, 46 genes were up- and 6 genes downregulated in cM. Intermediate monocytes and ncM were treated as one subset, as—with the criteria mentioned above—no genes were found to be specifically transcribed when they were treated as separate subsets. Together, intM and ncM showed specific transcription of genes related to angiogenesis (e.g., ACVRL1, PTPRB, GATA6) and transcripts involved in the classical pathway of complement activation (C1QA, C1QB, C1QC), with 60 genes specifically up- and 7 genes specifically downregulated (Supplementary File 3).

Molecule classes repetitively found to be differentially transcribed across subsets and reported to be relevant for immune responses are illustrated as heat maps in Figure 9 and encompass C-type lectins, purinergic receptors, tetraspanins, semaphorins and solute carriers. Plasmacytoid DC specifically contained transcripts of ADORA3, TSPAN5, SEMA4B and six different solute carrier genes. Transcription of genes coding for C-type lectins was found to be specific not only for cDC1 (CLEC9A) and cDC2 (CLEC10A), but also for cM (CLEC4D, CLEC4E). Transcripts of SEMA7A were specifically enriched in intM and ncM, whereas SEMA4A transcription was found to be specifically downregulated in these two monocyte subsets.
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FIGURE 9. Subset-specific gene transcription. High-throughput sequencing was performed on RNA isolated from sorted DC and monocyte subsets. Read counts are displayed as heat maps for selected molecule classes. Asterisks indicate genes at least 5-fold up-/or downregulated in certain subsets (p < 0.05) as compared to all other subsets. Intermediate and non-classical monocytes were treated as one subset, as were cDC2′ and cDC2′′. Complete lists of at least 5-fold up-/or downregulated genes are provided as Supplementary File 3.



The subset-specific transcription patterns of these genes allow insights into functional specialization of subsets, which, when conserved across species, may be of particular relevance for subset-specific contributions to immune responses.

DISCUSSION

The present study provides a phenotypic definition of pDC, cDC1, and cDC2 in blood of cattle, which could be confirmed by subset-restricted transcription of key genes. These key genes, often required for the development and differentiation of certain subsets, have proved to be highly conserved across species (23, 40, 53) and have therefore served to validate subset identity in other species such as human (52, 54, 55), pig (24), sheep (56, 57), and horse (41). Our data strongly suggest that pDC and cDC1 in blood of cattle can be identified by the relatively simple phenotype Flt3+CD4+CD13− and Flt3+CD4−CD13+, respectively. The identification of cDC2 remains challenging in all species due to their phenotypic similarity to monocytes, and the paucity of cDC2-specific key genes. We therefore directly compared the transcriptome of monocyte subsets and putative cDC2. Accordingly, we employed two different gating strategies for cDC2. One based on the expression of Flt3 and the exclusion of pDC and cDC1, that is Flt3+CD4−CD13−, and the other based on the expression of Flt3 and CD172a, and the exclusion of monocytes, that is Flt3+CD172a+CD14−CD16−. Both putative cDC2 populations contained high levels of FCER1A transcripts and transcribed IRF4 in the almost complete absence of IRF8 transcripts, supporting their correct identification (52). Moreover, both cDC2 subsets specifically transcribed the gene for CLEC10A, a molecule recently shown to be specific for human cDC2 (58). The separation of the two cDC2 subsets in the PCA was found to be mainly due to differences in housekeeping genes, and not in genes related to lineage or function. It is possible, however, that—in addition to the batch effect introduced by differences in sample handling—the different gating strategies have led to the sampling of sub-subsets within cDC2, especially in regard to expression levels of CD172a (see Figure 2 for a comparison of the two gating strategies). This only highlights the difficulty of phenotypically defining cDC2, which—in addition to their similarity to monocytes—are known to be heterogeneous (52).

Bovine DC subsets have been addressed in numerous studies, looking at blood (30, 32–37, 39), afferent lymph (25–31), lymph nodes (30), spleen (59), skin (29) and intestine (60). Sei et al. (35) described three DC subsets in blood of cattle after depletion for CD3, IgM, CD14, and CD11b, defining pDC as CD4+MHC-II−, and two subsets of cDC as being CD4−MHC-II+ and either positive or negative for CD11c. However, our data clearly show that pDC can express MHC-II and that both subsets of cDC express CD11c, with slightly higher expression on cDC2. In another study, a distinction between two cDC subsets in bovine blood was based on high and low expression of CD205 on cells negative for CD3, CD14, CD21, and CD335, and positive for MHC-II and CD11c (39). Indeed, we found lower levels of CD205 expression on cDC2, which may correspond to the CD205low subset described in this study, but our data indicate that the discrimination of blood DC based on CD205 is difficult. Furthermore, in contrast to this study, we could not find differences in forward scatter and CD86 expression between cDC1 and cDC2. Recently, Li et al. (36) followed a complicated protocol of depleting for CD3, CD11b, CD14, CD21, and CD335, and enriching for CD26 to get hold of putative cDC1 in bovine blood, which were enriched in XCR1 and CLEC9A mRNA. Their findings on the phenotype of cDC1 are in line with our study, but according to our data, the proposed phenotype of CD26+CADM1+CD205+MHC-II+CD11b− is not suited to unequivocally delineate cDC1 from cDC2 and pDC. Our data demonstrate that in the peripheral blood of cattle neither CD26, CD205 nor CADM1 are expressed in a subset-restricted manner. Afferent lymph DC of cattle have been classified into a major subset being CD5−CD11a−CD13−CD26−CD172a+and a minor CD5+CD11a+CD13+CD26+CD172a− subset (27). These subsets phenotypically resemble cDC2 and cDC1 we identified in bovine blood. In contrast to ALDC (25), all blood DC expressed CD11a, though transcriptomic data revealed even higher transcript levels in intM and ncM (2,000 reads in cDC2 vs. 40,000 reads in CD16+ monocytes).

Gibson et al. (34) could detect IFN type I responses to CpG stimulation in bovine PBMC depleted for CD14, CD3, CD2, CD4, CD8, CD21, and IgM, and suspected to have enriched bovine pDC. Also, this study appears to be in conflict with our data which demonstrates CD4 and CD2 expression on bovine pDC. Functional studies on bovine mononuclear phagocyte responses to CpG are required to understand the reasons for this discrepancy.

Due to a stringent gating strategy based on Flt3 expression, a contamination with monocytes in the cDC2 gate is unlikely in both cases, however it cannot be ruled out that DC precursors are included in our current definition of cDC2. In support of this, we found transcription of AXL in bovine cDC2, a gene associated with a DC precursor subset recently detected in human blood by single-cell sequencing of lineage−HLA-DR+ cells (6). Clearly, single-cell transcriptomics performed in the future will help to decipher the full spectrum of DC heterogeneity in cattle.

The transcriptomic data at hand can give valuable insights into functional potential of bovine DC and monocyte subsets under steady-state conditions. Data obtained so far from human, mouse, pig and cattle point toward species-specific differences in DC and monocyte functions (19, 23, 24, 44). The propagated importance of pDC for early sensing of viral infection is supported by the high transcription rate of TLR3, TLR7, and TLR9 found in bovine pDC. Notably, TLR3 transcription is neither found in murine nor in human pDC (61, 62), but has only recently been described for porcine pDC (24). The apparent lack of TLR4 and TLR7 transcription in cDC1 is in line with observations from bovine ALDC, where cDC1 were shown to contain significantly less TLR4 and TLR7 mRNA as compared to certain subsets of cDC2 (31).

The high expression of CD62L in bovine pDC and cM, also on protein level, suggests that bovine pDC and cM can enter secondary lymphoid tissue via HEV in steady state, as is reported for murine pDC and monocytes (63–65). Expression of CMKLR1 and CCR5 in bovine pDC is likely to assist lymph-node entry through HEV (63, 66). Steady-state entry into lymph nodes may be important in regard to peripheral tolerance induction (67, 68). In terms of central tolerance induction, CCR9 expression by pDC has gained attention (69), as it was shown to mediate migration of antigen-bearing pDC to the thymus. We found CCR9 to be exclusively transcribed in pDC, however due to the lack of a specific mAb, we could not confirm CCR9 expression on protein level. Murine pDC have been shown to optimize cDC1 maturation and cross-presentation in lymph nodes (70). In this regard, CCR5 was shown to be vital for migration of pDC toward clusters of cDC1 and activated CD8 T cells. The high transcription of CCR5 and CD62L in bovine pDC may point toward a similar function in lymph nodes of cattle. The high expression of CD71 (transferrin receptor) we observed on bovine pDC in comparison to the other DC subsets has also been described for murine pDC in tissues and might be related to high iron demand of pDC upon rapid and large-scale production of type I interferons (71).

Like their murine and human counterparts (57), bovine cDC1 specifically transcribe CLEC9A, an endocytic receptor mediating cross-presentation of antigens derived from apoptotic cells (72). This, together with high transcription of TAP1, points toward a prominent role of cDC1 in cross-presentation and CD8 T-cell activation, as has been shown for murine cDC1 (73). In support of this, bovine cDC1 transcribe ETV6 in the absence of ETS1 transcription, which was shown to be essential for optimal development of cross-priming function in murine cDC1 (74).

Bovine cDC1 share a high transcription of PECAM1 with intM and ncM. For murine DC, PECAM1 (CD31) has been shown to function as a co-inhibitory receptor favoring tolerogenic responses (75). Similarly, we found MERTK, which—in human DC—has been described to act as a negative regulator of T-cell activation (76), to be transcribed mainly in cDC1 and CD16+ monocytes. The biological relevance of regulatory PECAM1 and MERTK expression in cDC1 may be linked to their ability to evoke potentially harmful CD8 T cell responses that need to be kept under control.

In mouse and human, cDC2 have been reported to preferentially activate CD4 T cells (9, 10). While bovine cDC1 and cDC2 expressed similar levels of surface BoLA-DRA protein, the content of BoLA-DRA mRNA was found to be significantly higher in cDC2. This may suggest higher levels of intracellularly stored BoLA-DRA protein in cDC2, which would argue for their specialization in CD4 T-cell activation also in cattle.

In various species, such as mouse and human (16) and pigs (45), monocytes in peripheral blood have been split into different subsets according to phenotype and function. The CD14+CD16− monocyte subset in cattle contained the highest levels of transcripts for chemokine receptors mediating entry into inflamed tissues (CCR1, CCR2) and also expresses high levels of CD62L, allowing this subset to access lymph nodes directly from the blood via HEV, as reported for murine cM under inflammatory and steady-state conditions (65, 77). Also, they are phenotypically very close to human CD14+CD16− cM (19). In humans, another distinction has been made between CD16+ monocytes expressing CD14 (intermediate) and monocytes almost lacking CD14 expression (non-classical). Analogous to the human subsets, we have also sorted intM and ncM, however they were found to be very similar in their transcriptomic profile, as determined by PCA, and may therefore not represent functionally distinct subsets in cattle. Our data demonstrate that CD16+ monocytes (intM and ncM) in cattle most probably resemble Ly6C/Gr1− monocytes in mice, which were suggested to preferentially give rise to alternatively activated macrophages that contribute to tissue regeneration (17, 18, 78). Similar to ncM of human, mouse, rat, and pig (79), bovine CD16+ monocytes contain high levels of CX3CR1 transcripts and little or no transcripts for CCR2 and CD62L. Also, bovine CD16+ monocytes selectively transcribe high levels of adhesion molecules ITGA4, PECAM1 and ITGAL, indicating that—also in cattle—CD16+ monocytes adhere to the endothelium as a marginal pool. In support of their function in tissue regeneration, bovine CD16+ monocytes specifically transcribe genes involved in angiogenesis, as has been reported for human CD14+CD16+ monocytes (15). Also, the genes coding for PECAM1, associated with high angiogenic capacity of human monocytes (80), MERTK, described to mediate phagocytosis of apoptotic cells (efferocytosis) by human intM (81), and GAS6, reported to be specifically secreted by anti-inflammatory human macrophages (81), are selectively transcribed by bovine CD16+ monocytes. As is the gene for C1q, described to mediate efferocytosis and to have pro-angiogenic functions (82).

Porcine CD163+CD14− monocytes were suggested to be the equivalent of ncM of human and mouse, as they transcribe low levels of CCR2 and high levels of CX3CR1 (83). However, the transcriptomic profile of bovine ncM was found to be more similar to the porcine CD163low monocytes. When compared to the bovine data, it seems like CD163 is not able to discriminate between porcine cM and ncM, even if some similarities in gene transcription have been found between CD163+ porcine monocytes and CD16+ human monocytes (45). Taken together, also in cattle, the task of microbial combat seems rather to be taken by cM, which transcribe a whole array of antimicrobial genes and seem to be ideally equipped for an inflammatory response to bacterial infection, reflected by their gene transcription of TLRs, NOD-1 like receptors, and defensins.

Other genes found to be selectively transcribed by DC and monocyte subsets code for C-type lectins, purinergic receptors, tetraspanins, semaphorins, and solute carrier proteins. The most striking selectivity of transcription was found for proteins of the solute carrier (SLC) family, which seems to be—at least in part—conserved across species. SLC11A1 is also expressed in human and murine myeloid cells as well as in bovine, human, and murine innate lymphocytes, where SLC11A1 expression was shown to promote cell activation (84, 85, 86). SLC15A4, selectively transcribed in bovine and also in human (6) pDC, was shown to be required for signaling through TLR7 and TLR9 in murine pDC (87) and, as a consequence, for pDC-mediated control of persistent viral infection (88). Although a subset-specific expression of transporter proteins has been observed some time ago (89), the role of most SLC proteins in DC or monocyte biology remains elusive and needs further investigation.

Purinergic receptors can evoke pro- and anti-inflammatory immune responses when binding extracellular nucleotides released by cellular stress or apoptosis (90). Signaling via P2Y receptors was shown to negatively regulate IFN-α production in human pDC (91) and it will be interesting to see whether the prominent transcription of P2Y receptors in bovine pDC serves a similar function.

In mice, the tetraspanins CD82 and CD37 have been described to be involved in migration and antigen presentation of DC (92). Non-activated bone marrow-derived DC (BMDC) were shown to be CD37highCD82low, whereas late activated BMDC showed the inverse phenotype, with a migratory, cytoskeletal and antigen presentation machinery optimized for activating naïve T cells. Steady-state bovine classical DC completely lack transcription of CD82, but clearly contain mRNA of CD37 (on average 2,000 reads), suggesting that the findings in mice might be transferable to cattle. For the tetraspanins CD9, CD37, CD63, CD81, CD82, and CD151 it is suggested that they play an important role in regulating the function of DC surface receptors (93). In agreement with murine pDC, bovine steady-state pDC lack the expression of CD9, a tetraspanin that is otherwise broadly expressed in leukocytes and was shown to function in the stabilization of the immunological synapse (94).

Semaphorins play important roles in guiding immune responses (95). We found certain semaphorins to be selectively transcribed by DC and monocyte subsets. SEMA4B has been described to suppress basophil-mediated Th2 skewing (96). As bovine pDC selectively transcribe high levels of SEMA4B, it may be speculated that they assist SEMA4B-producing T cells in regulating basophil responses. SEMA4A transcripts were enriched in both bovine pDC and cDC1. SEMA4A has been shown to induce activation and differentiation of T cells into antigen-specific subsets (97), and to support Treg function and survival (98). Also SEMA4D, found to be exclusively transcribed in bovine pDC and cM, was found to enhance B-cell activation (99) and to promote DC maturation and T-cell responses (100). Finally, SEMA7A, selectively transcribed by bovine CD16+ monocytes, has been described as a potent autocrine activator of human monocytes (101), however the pro-inflammatory phenotype evoked by SEMA7A is somewhat in contradiction to the rather anti-inflammatory role proposed for bovine CD16+ monocytes.

In summary, a clear-cut identification of bovine DC and their delineation from monocytes, as presented here, provides the basis for future studies on their functions and their involvement in disease pathogenesis, which will enable a compilation of strategies to improve vaccines and immunotherapeutics. This work also represents the basis for future work addressing transcriptomic signatures and functions during infection and inflammation, which includes different lymphoid and non-lymphoid tissues. In addition, comparative studies on DC function in mammals provide a deeper understanding of DC biology in general, as they reveal conserved and species-specific characteristics of DC subsets.
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