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Editorial on the Research Topic
 Deciphering Phagocyte Functions Across Different Species



Specialized innate immune cells are found across all metazoan organisms. Foundational experiments by Elie Metchnikoff revealed the existence of innate phagocytes which efficiently clear invading pathogens or cell debris in the sea star larva (Chang, 2009). The concept of phagocytic immune cells is conserved across insects to mammals and their counterparts are found in Drosophila, zebrafish, or mammals. These cells seem to serve two major functions: the clearance of invading pathogens and cell debris, as well as the release of immunomodulatory molecules and growth factors (Kierdorf and Dionne, 2016). Their functions cover a variety of tasks from combating infections or cancer to maintaining tissue homeostasis and repair.

This Research Topic contains a collection of original research articles and literature reviews pointing toward the importance of understanding phagocyte function in a cross-species approach, but also highlighting the necessity and elegance of experimental model organisms in biomedical research. More and more studies reveal that immune functions and ontogeny of many phagocyte subtypes are conserved across species (Gold and Brückner, 2014). By studying phagocyte function in different species we can obtain new insights into the innate immune function of human phagocytes such as granulocyte, monocytes, dendritic cells and macrophages (Geirsdottir et al., 2019; Zindel et al., 2021). Within this Research Topic Miah et al. outline the collective findings on prenatal human mononuclear phagocyte development in different organs and their role in embryonic and fetal organ development and to compare them to the more detailed data already obtained on phagocyte development in transgenic mouse models. They also highlight new data collected from single-cell multi-omic approaches and next-generation ex-vivo organ-on-chip models which could guide future studies into understanding human phagocyte development.

Depending on host tissue, phagocytes represent a heterogenous range of subtypes and functional diversity. In their study, Park et al. identify a new adherent intestinal phagocyte population in Atlantic salmon which has high phagocytic activity and expresses several macrophage specific genes. In a detailed review, Portilla et al. summarize the current knowledge on intestinal macrophages from different species. Starting with a description of the development and differentiation of phagocytes in different species during evolution, they further describe tissue specification of vertebrate macrophages and finally the highly adapted specialization of different intestinal macrophage subsets. Highlighting the complexity of the interplay of resident tissue macrophages with their niche, they also point toward the necessity to not only decipher heterogeneity across different phagocytes but also understand their interaction network within their specific tissue niche.

Many immune defense pathways of phagocytes are conserved from invertebrates to vertebrates. Moghadam et al. describe recent data on the role and function of reactive oxygen species (ROS) produced by phagocytes from flies to humans. Here they also point to the importance of the collected data from model organisms which help to clarify the function of ROS and ROS deficiency during human disease. Bush et al. describe and compare the transcriptomic profile of sheep bone marrow derived macrophages (BMDMs) with BMDMs from other larger animals and rodents upon lipopolysaccharides (LPS) stimulation. This analysis highlights conserved transcriptional profiles between the species in genes clusters such as cell surface receptors and the endosome-lysosome pathway, but also differences in the induction of arginine metabolism and nitric oxide production.

A wide range of models for chronic disease, cancer and infection have been established in various model organisms and help us to understand phagocyte function in vivo (Dionne and Schneider, 2008; Feng and Martin, 2015). Kumar et al. present a new tool to study phagocytes in insect immunity by depleting phagocytes in Drosophila melanogaster and Aedes aegypti with clodronate liposomes. This depletion study demonstrates the central function of phagocytic immune cells in defense against invading pathogens. Drosophila melanogaster has emerged as a versatile tool to study immunometabolism and the interaction between immune signaling and adaptations in metabolism for example during infection but also how metabolic changes can trigger an immune response. Bajgar et al. summarize collective knowledge on the immunometabolism of hemocytes in Drosophila and discuss new hypotheses based on the available data. Using a mouse model for choroidal neovascularization (CNV) during age-related macular degeneration, Schlecht et al. demonstrate their findings on the role of macrophage-derived secreted phosphoprotein-1 (Spp1) during CNV. Combining subsequent gene expression analysis of resident retinal microglia and in vivo inhibition of Spp1, they provide evidence that the Spp1 pathway could be a promising new target to modulate CNV in human patients.

Advances in in vivo imaging techniques now allow tracing of phagocytes in the living organism (Nimmerjahn et al., 2005; Stamatiades et al., 2016). The zebrafish is an excellent model system due to the high transparency of larvae and the availability of many transgenic reporter lines. Hu et al. use live imaging in zebrafish larvae to follow the migration behavior of neutrophils and macrophages in response to tail wounding. Interestingly, they find toll like receptor 2 (tlr2) and myeloid differentiation primary response 88 (myd88) are involved in modulating directional migration of distant neutrophils and macrophages to the wound. Detailed analysis of neutrophils and macrophage migration behavior revealed that the Tlr2-MyD88 pathway controls directional persistence and the migration speed of recruited cells. Future studies are now needed to further elucidate the mechanism as to how Tlr2-MyD88 signaling pathway cross talks to chemokine signaling to control neutrophil and macrophage responses to the wound signal. Recently new high-dimensional, high-throughput techniques, such as single cell RNA-sequencing (scRNA-seq) have allowed us to gain further insight on the heterogeneity of phagocytes in different species including embryonic and larval hemocytes in Drosophila melanogaster (Cattenoz et al., 2020; Cho et al., 2020; Tattikota et al., 2020). In this context, Cattenoz et al. compare the collective data from these three studies and identify eight hemocyte subgroups within all three datasets which are associated to distinct functions during embryonic and larval stages. Their comparison further highlights the distinct expression profile of larval hemocytes in peripheral tissues. The heterogenous functions of Drosophila macrophages in different organs during development, but also homeostasis, are summarized by Mase et al. In their contribution they give an overview of the recent knowledge on organ specific macrophage functions in Drosophila.

In the immunological field, there are few cross-species comparisons of phagocyte function. To our knowledge, the exchange of data between groups studying phagocyte function in different model organisms is most limited. How tissue-derived signals regulate phagocyte function is also barely understood. The articles and reviews collected for this Research Topic show that comparison and analysis of phagocyte function in different organisms might contribute to our knowledge about the innate immune system and help to understand immune responses during different diseases such as cancer, infection or metabolic disease.
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Mammalian macrophages differ in their basal gene expression profiles and response to the toll-like receptor 4 (TLR4) agonist, lipopolysaccharide (LPS). In human macrophages, LPS elicits a temporal cascade of transient gene expression including feed forward activators and feedback regulators that limit the response. Here we present a transcriptional network analysis of the response of sheep bone marrow-derived macrophages (BMDM) to LPS based upon RNA-seq at 0, 2, 4, 7, and 24 h post-stimulation. The analysis reveals a conserved transcription factor network with humans, and rapid induction of feedback regulators that constrain the response at every level. The gene expression profiles of sheep BMDM at 0 and 7 h post LPS addition were compared to similar data obtained from goat, cow, water buffalo, horse, pig, mouse and rat BMDM. This comparison was based upon identification of 8,200 genes annotated in all species and detected at >10TPM in at least one sample. Analysis of expression of transcription factors revealed a conserved transcriptional millieu associated with macrophage differentiation and LPS response. The largest co-expression clusters, including genes encoding cell surface receptors, endosome–lysosome components and secretory activity, were also expressed in all species and the combined dataset defines a macrophage functional transcriptome. All of the large animals differed from rodents in lacking inducible expression of genes involved in arginine metabolism and nitric oxide production. Instead, they expressed inducible transporters and enzymes of tryptophan and kynurenine metabolism. BMDM from all species expressed high levels of transcripts encoding transporters and enzymes involved in glutamine metabolism suggesting that glutamine is a major metabolic fuel. We identify and discuss transcripts that were uniquely expressed or regulated in rodents compared to large animals including ACOD1, CXC and CC chemokines, CD163, CLEC4E, CPM, CSF1, CSF2, CTSK, MARCO, MMP9, SLC2A3, SLC7A7, and SUCNR1. Conversely, the data confirm the conserved regulation of multiple transcripts for which there is limited functional data from mouse models and knockouts. The data provide a resource for functional annotation and interpretation of loci involved in susceptibility to infectious and inflammatory disease in humans and large animal species.

Keywords: transcriptome, macrophage, LPS, feedback, network, conservation, species


INTRODUCTION

Macrophages and related members of the mononuclear phagocyte system (MPS) have many trophic roles in development and homeostasis and are the first line of defense against potential pathogens (Hume et al., 2019; Guilliams et al., 2020). The survival, proliferation and differentiation of macrophages depends upon signaling via the macrophage colony stimulating factor receptor (CSF1R), which mediates signals from colony stimulating factor 1 (CSF1; also known as macrophage colony stimulating factor) or interleukin 34 (IL34) (Stanley and Chitu, 2014; Hume et al., 2020). In response to pathogen challenge, resident macrophages are activated to produce cytokines and chemokines that drive recruitment of neutrophils and inflammatory monocytes. The activation of macrophages is mediated through pattern recognition receptors that bind to pathogen-associated molecules (Brubaker et al., 2015). The archetypal pattern recognition receptor is TLR4, which, with the coreceptor MD-2, recognizes endotoxin or lipopolysaccharide (LPS), a major constituent of the cell wall of Gram-negative organisms (Marongiu et al., 2019). TLR4 ligation initiates the up and down regulation of thousands of transcripts, including hundreds of transcription factors (Kaikkonen et al., 2013; Baillie et al., 2017). Many of the induced genes are required for defense against pathogens, but they are also responsible for symptoms such as fever and much of the pathology. Feedback control by numerous negative regulators is therefore required to ensure that the response to pathogens is limited and appropriate (Wells et al., 2005; Kondo et al., 2012).

Many studies of LPS signaling in vitro have used bone marrow-derived macrophages (BMDM), cells grown from bone marrow in the presence of CSF1, or monocyte-derived macrophages (MDM), matured from blood in the presence of CSF1. Previous network analysis of the time course of human MDM response to LPS revealed a sequential cascade of transient induction of feed forward and feedback regulators (Baillie et al., 2017). Not surprisingly, given the central role of macrophages in innate immunity, there are differences in the response to LPS of mouse and human macrophages grown in CSF1 (Schroder et al., 2012). The response to the endogenous anti-inflammatory agonists, glucocorticoids, is even more divergent, associated with gain and loss of functional glucocorticoid receptor binding sites in the genome (Jubb et al., 2016). Comparative analysis in the pig indicated that BMDM and monocyte-derived macrophages grown in CSF1 have very similar gene expression profiles. Both basal and LPS-induced gene expression profiles in pig were more similar to humans than were those in mice (Kapetanovic et al., 2012, 2013).

Nitric oxide (NO) production from arginine by NOS2 is a significant component of host defense in rodent species that is not conserved in large animals. Macrophages from humans and pigs do not produce NO in response to LPS and the enhancer elements involved in NOS2 induction are not conserved in rodents (Kapetanovic et al., 2012; Schroder et al., 2012; Karagianni et al., 2017; Young et al., 2018). To further document the species specificity of regulated arginine metabolism we cultured BMDM from sheep, goat, cattle, water buffalo, pig, horse, and rat and incubated them with or without LPS. RNA-seq analysis of these populations revealed variation in arginine metabolism amongst the species including a divergence between bovids (cattle and water buffalo) and small ruminants (sheep and goats) (Young et al., 2018). In a separate study, the same primary RNA-seq data were used to document evolution and expression of the ADGRE1 gene, encoding F4/80, a widely used marker for macrophage biology in mouse (Waddell et al., 2018). In these studies, the LPS response was analyzed at a single timepoint in each species (7 h) chosen to coincide with maximal induction of transcripts encoding inflammatory cytokines in human monocyte-derived macrophages (Baillie et al., 2017).

Macrophage immunometabolism is a burgeoning field based upon the view that metabolic requirements change with functional polarization (Hotamisligil, 2017; Castegna et al., 2020; Ryan and O’Neill, 2020). Published studies have focused on regulation of the tricarboxylic acid (TCA) cycle and accumulation of intermediates such as itaconate, succinate, and ketoglutarate as signaling molecules (Ryan and O’Neill, 2020). Like the NOS2 pathway, much of the evidence for roles of metabolic intermediates and enzymes in macrophage activation/polarization derives from in vitro studies of inbred mice, and at least some of the effects of LPS on mitochondrial function are mediated by endogenous NO (Van den Bossche et al., 2017). Itaconate, produced through the induction of the enzyme ACOD1, which diverts citrate from the TCA cycle, has been associated with anti-inflammatory roles (Mills et al., 2018). Similarly, a recent study of mice described the biosynthesis of anti-inflammatory fatty acids late in the LPS response as part of the feedback control network described above (Oishi et al., 2017). It is unclear how many of the findings can be translated to humans or other species.

The domestic sheep, like the pig, is an important livestock species, and also used extensively as a model in biomedical research. BMDM have previously been grown from sheep bone marrow in CSF1 and were shown to be responsive to LPS (Francey et al., 1992a, b). Like pig and human macrophages, sheep (and goat) macrophages make no detectable NO in response to LPS (Jungi et al., 1996; Young et al., 2018). However, immunometabolism in sheep, a ruminant species, is potentially quite different from monogastric species such as humans and pigs. Mouse and rat macrophages have been shown to metabolize glutamine at a rapid rate (Curi et al., 2017). Glutamine metabolism in macrophages is regulated and inhibition of glutamine synthetase (GSS), which produces glutamine from glutamate, was shown to alter the polarization state of mouse macrophages (Jha et al., 2015; Palmieri et al., 2017). The circulating glutamine concentration in ruminants is three–fivefold lower than in monogastric species, due to a low glutamine synthetase capacity, and glutamine is not the predominant respiratory fuel for the intestine (Meijer et al., 1993). The sheep, as a ruminant, has high circulating levels of fermentative by-products, primarily volatile fatty acids (propionate, acetate, and butyrate), which are utilized within the liver for gluconeogenesis (Danfaer et al., 1995). Aside from acting as fuels, free fatty acids may be recognized by a large family of G protein coupled receptors (Kimura et al., 2020).

To extend our knowledge of the diversification of macrophage function amongst species, we have generated a time course of the transcriptomic response of sheep BMDM to LPS. Detailed analysis of this time course reveals those components that distinguish sheep from human macrophages. Comparative analysis with RNA-seq data from other species, including humans, is compromised by incomplete annotation, inconsistent naming and ambiguous orthology relationships (especially in multigene families). To enable such a comparison of sheep RNA-seq data with previously generated RNA-seq data for BMDM from goat, cow, water buffalo, horse, pig, and rat, and public domain data for two mouse species, we undertook an annotation effort to identify >8,000 macrophage-expressed genes that are clear orthologs between the species. We present a resource for functional annotation and interpretation of loci involved in susceptibility to infectious and inflammatory disease in humans and large animal species.



MATERIALS AND METHODS


Data Generation and Analysis

The protocol for the generation of bone marrow-derived macrophages (BMDM) in recombinant CSF1 was originally developed for pigs (Kapetanovic et al., 2012, 2013). Full details of the animals and the protocol for generation and activation of BMDM from sheep marrow are included with our high resolution sheep transcriptomic atlas where data for 3 male and 3 female cross-bred adult animals were originally described (Clark et al., 2017). The mRNA sequencing libraries generated for all time points were prepared using the Illumina TruSeq stranded mRNA library preparation kit (Illumina; Part: 15031047 Revision E) and sequenced to a depth of >25 million 125 bp paired-end reads per sample as described (Clark et al., 2017).

RNA-seq libraries for control and LPS-stimulated BMDM from additional species were downloaded from the European Nucleotide Archive (ENA). Details of all of the accessions are provided in Supplementary Table S1. This comparative dataset comprises eight additional species: buffalo, goat, cow, horse, mouse (both Mus musculus and its outbred relative, Mus spretus), pig and rat, as well as the sheep. For all species except mouse, the agonist used was Salmonella minnesota Re595 LPS, which is a pure TLR4 agonist (Young et al., 2018). In the case of the two mouse species, the agonist used was KLA (Kdo2-lipid A) the active core of LPS (Link et al., 2018) and samples were obtained after 6 h.

While publicly sourced RNA-seq libraries can differ both in preparation and sequencing methods, it is possible to process their data with a common normalization, producing comparable expression level estimates (Summers et al., 2019). Central to this process is reducing the distorting effects of differential sampling depth. To do so, each library was randomly down-sampled to a depth of 10 million reads, using seqtk v1.31 as previously described (Summers et al., 2019). Expression was then quantified as transcripts per million (TPM) using Kallisto v0.44.0 (Bray et al., 2016) with transcript-level expression estimates summed to the gene-level. To generate comprehensive Kallisto indices, we used (where available) the combined set of unique protein-coding transcripts from Ensembl and NCBI RefSeq as detailed in Supplementary Table S2.

For a meaningful cross-species comparison of expression levels, we also required a one-to-one relationship between gene names across species. This is complicated by the fact that some genes have multiple copies in one species but not others, as well as genomes differing in the completeness of the annotation. Should a gene name not be available in a given species, where possible we assigned a name on the basis of an ortholog in a near relative. For this purpose, orthology relationships were sourced from Ensembl BioMart (Kinsella et al., 2011) and required to be one-to-one, with ≥90% reciprocal identity and an ‘orthology confidence’ score of 1 (this score reflects a high whole genome alignment coverage and conservation of synteny, as described in Ensembl documentation2, accessed 30th March 2020). If there are multiple possible orthologs, Ensembl classifies the relationship between each member of the set as one-to-many. However, if only one member of a one-to-many set of genes met the other two criteria (of reciprocal identity and orthology confidence score), we reconsidered this gene to be the most probable one-to-one ortholog. Genes renamed on the basis of orthology are indicated in Supplementary Table S3. These automatically assigned orthology relationships were only made within two sub-groups of the closest related species in the dataset: three ruminants (sheep, cow, and goat), and the three rodents (M. musculus, M. spretus, rat). No orthologs were sought for horse or pig (being relatively distant species) or buffalo (not yet available via Ensembl). The final dataset includes 9,478 genes for which there are candidate orthologs in at least 8 of 9 species (Supplementary Table S3). Of these, 8,249 genes were annotated in all 9 species and expressed >10TPM in at least one sample. These are shown as a list ranked on maximal expression in Supplementary Table S4. Transcription factors within this comparative dataset were identified based on the curated list of 1,639 known or likely human transcription factors published by Lambert et al. (2018).



Network and GO Term Enrichment Analysis

Network analysis was performed using Graphia, a computational tool which enables visualization and analysis of large correlation networks. This program is now available open-source as BioLayout.3 The data provided in Supplementary Tables can also be reanalyzed with a new version of Graphia.4 Networks created by Graphia were used in two ways. A sample-to-sample network was created to assess relationships between the nine species based on shared gene expression patterns between samples. The correlation co-efficient threshold of 0.8 was chosen to include all samples in the network. Gene-to-gene networks were created to determine co-expressed genes across all samples for the sheep BMDM time course and for the nine species responding to LPS. The correlation co-efficient for each of these gene co-expression networks (GCN) was chosen to optimise the number of nodes (transcripts) while minimizing the number of edges (correlations between nodes at or above the chosen correlation co-efficient) as shown in Supplementary Figures S1, S2. Enrichment of gene ontology (GO) terms for genes within the sheep clusters was assessed using DAVID,5 with Ovis aries as the background. Only enrichments with Benjamini–Hochberg adjusted p-value of ≤0.05 were considered significant.




RESULTS


Response of Sheep Macrophages to LPS

Graphia is a computational tool which enables the analysis and visualization of large correlation networks. Amongst many applications it was used to identify cell and tissue-specific co-expression clusters in the sheep (Clark et al., 2017), pig (Summers et al., 2019) goat (Muriuki et al., 2019), water buffalo (Young et al., 2019), and chicken (Bush et al., 2018a) transcriptional atlas projects. Co-expression analysis of a detailed time course of the transcriptomic response of human MDM to LPS treatment based upon sequencing of CAGE (genome scale 5′ RACE) libraries revealed the transient induction of positive and negative regulators (Baillie et al., 2017). For the time course of sheep BMDM responding to LPS treatment, we chose 5 time points, 0, 2, 4, 7, and 24 h, to cover the major peaks identified in the human study. The full dataset for the six animals is provided in Supplementary Table S5. The 6 animals varied to some extent in the degree and temporal profile of their response to LPS. This variation increased the power to identify transcript clusters that were strictly co-regulated. For the purpose of this analysis, only transcripts detected above 10 TPM in at least one library were included. The expression data were clustered at an optimal Pearson correlation co-efficient of 0.75, which includes 9,304 transcripts in the network. The lists of genes in each cluster and the average expression profiles are provided in Supplementary Table S6. Figure 1 shows the profiles for the eight largest clusters of interest annotated with specific index genes. With only 3 male and 3 female sheep in the dataset, it would not have been possible to detect subtle sex-specific gene expression but there was no obvious cluster that distinguished males and females.
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FIGURE 1. Average gene expression profiles and genes of interest within the clusters of the largest eight clusters (>80 nodes) from the analysis of sheep BMDM treated with LPS. The primary data are in Supplementary Table S5, and full list of clusters and co-expressed transcripts is provided in Supplementary Table S6. Graphia network analysis performed at a Pearson correlation threshold r ≥ 0.75 and MCL inflation 1.7. The Y-axis shows average expression (TPM) of genes in each cluster which indicates the shared pattern driving the correlated expression. For example, Cluster 5 contains transcripts that were each progressively up-regulated by LPS in all 6 animals. Genes named under each panel are representative of each cluster. The bars below the X-axis identify the samples. Each segment is the time course of an individual animal. The upper bar indicates the time point after adding LPS: purple = 0 h; blue – 2 h; green – 4 h; yellow – 7 h; red – 24 h. The lower bar indicates the sex of each individual: blue – males; red – females.


Genes in the largest cluster, Cluster 1, containing more than half the total transcripts, were expressed constitutively and marginally down-regulated within 2 h by LPS. Cluster 6 and Cluster 7 each contain transcripts that were progressively down-regulated over the time course in all replicates, but the basal expression varied amongst the individual animals. These three clusters each contain multiple known macrophage-enriched transcripts (CSF1R, C1QA, LGALS3, and IRF8). Cluster 1 contains many components of the vacuolar ATPase, lysosomal enzymes and surface markers as well as the cell cycle transcriptional regulator Foxm1 and many cell cycle-related transcripts (Giotti et al., 2019) and mitochondria-associated genes. Enriched GO terms and pathways include those related to lysosomes, endo- and exosomes, signaling, and cellular movement (Supplementary Table S6).

Cluster 2 contains transcripts that have a complex pattern of apparent transcriptional regulation; these were induced transiently at 2 h but then substantially and transiently down-regulated in all six replicates at 7 h.

Cluster 3 is the reciprocal to Cluster 2 and contains the largest set of inducible transcripts. The average expression of genes in this cluster peaks at 7 h and declines thereafter. It includes transcripts encoding transcriptional regulators, notably AHR, ATF6, BATF3, EHF, IRF3, IRF7, IRF9, and STAT2 and numerous known interferon-inducible genes that are also induced by LPS in human macrophages, through autocrine IFNβ signaling and the MYD88-independent pathway (Baillie et al., 2017). The two type 1 interferon receptor genes (IFNAR1/IFNAR2) were highly expressed in unstimulated cells and the interferon-inducible feedback regulators, SOCS1 and SOCS3, were induced by 2 h. However, the IFNβ genes in sheep are not currently annotated in Ensembl and the three IFNβ2-like transcripts did not meet the 10 TPM expression threshold at any time point. As such, the precise nature of the autocrine signal in sheep BMDM, if it exists, is unclear. Cluster 3 also contains transcripts encoding the classical pro-inflammatory cytokines IL1B and IL6 and multiple chemokine genes (CCL3, 5,8,20; CXCL8,10). The chemokine genes, notably CXCL8 (encoding IL8), are amongst the most abundant transcripts in the LPS-induced state, collectively contributing > 100,000TPM. GO terms relating to antiviral response were enriched in this cluster.

Cluster 4 contains 395 transcripts that on average were induced transiently, peaking after 2–4 h and declining to basal levels by 24 h. These transcripts can be subdivided into several classes. They include classical early response genes encoding transcription factors (EGR1,3,4; FOSB, FOSL1, FOSL2, IER3, IER5, JUNB, KDM6B, MYC, and NFKBIZ) and negative regulators that were also induced in human MDM in response to LPS (BCL3, BCOR, CISH, DUSP1, DUSP5, DUSP10, GADD45B, IL10, MEFV, NFKIA, NFKIB, SMAD7, SOC1, SOCS3, TNFAIP2, TNFAIP3, ZFP36, and ZC3H12A) (Baillie et al., 2017) and were inferred to provide intrinsic limitation of the pro-inflammatory activation. The set of transient early response genes also included pro-inflammatory mediators such as TNF and PTGS2, and likely feed-forward regulators such as IRF1. A related cluster, Cluster 34, showed a similar average pattern but with more extreme induction from undetectable basal levels. It includes CXCL1, JAG1, TNFSF15 and transcription factors ETS2 and KLF5. More than 50 of the transcripts within Cluster 4 were unannotated on Ensembl. Around half of these could be confidently assigned gene names based upon clear orthology to human genes. Provisional annotations are shown in Supplementary Table S6. Amongst the most inducible and highest expressed were likely orthologs of transcription factors CEBPD and KLF2.

As in human macrophages responding to LPS, there was also a set of transcripts that continued to increase across the time course. Cluster 5 is the reciprocal cluster to Clusters 6 and 7. Transcripts in this cluster, as well as a subset of those in Cluster 3, are likely associated with resolution of inflammation. Amongst the most highly induced transcripts are those encoding matrix metalloproteinases, MMP1, MMP3, MMP9, MMP12, MMP13, MMP14, and MMP25. This cluster also contains ENSOARG00000006889, described as plasminogen activator inhibitor 2 and orthologous with SERPINB2 of other mammals. SERPINB2 is amongst the most highly induced transcripts in human monocytes (Baillie et al., 2017) and mouse macrophages (Costelloe et al., 1999) responding to LPS. There appears to be a gene duplication in ruminant genomes. Two SERPINB2 family members have been found in cattle (ENSBTAG00000023198, described as serpin family B member 2, and ENSBTAG00000023026, described as serpin family B member 2-like). The sheep gene ENSOARG00000005159, described as plasminogen activator inhibitor 2-like, another sheep ortholog of SERPINB2 in other mammals, also appears in Cluster 5 and was strongly induced by LPS.

As noted previously (Young et al., 2018) the sheep BMDM did not show induction of NOS2 mRNA, nor of the inducible arginine transporter SLC7A2 at any time point. Unlike human and pig macrophages, sheep BMDM expressed GTP cyclohydrolase (GCH1), required for the production of the NOS2 cofactor tetrahydrobiopterin, constitutively at low levels, but it was not LPS-inducible. In common with other ruminants (Young et al., 2018), sheep macrophages expressed the gene for the mitochondrial arginase enzyme, ARG2, which was substantially induced by LPS. ARG2 is usually associated with the urea cycle in the liver and kidney (Caldwell et al., 2018). Annotation of the unannotated transcripts in Cluster 4 revealed that some are likely non-coding and have no orthologs in other species. Others reflect an issue also encountered in the recent pig atlas project (Summers et al., 2019) in which different Ensembl gene IDs are assigned to partial sequences/duplicates of known genes. For example, there are three SLC7A1 transcripts in the sheep reference transcriptome, each showing the same pattern of rapid induction by LPS. ENSOARG00000012028 maps immediately downstream of the annotated SLC7A1 gene. Combining the TPM counts indicates that this transporter was, in fact, quite highly inducible by LPS. SLC7A1 transports arginine and ornithine. Ornithine decarboxylase (ODC1) was also highly expressed and further inducible in sheep macrophages. The high expression of ornithine amino transferase (OAT), which leads to the production of glutamate, suggests the main function of this pathway is to use arginine and ornithine as a fuel and support the unique arginine-urea biology of ruminants (Marini et al., 2004).

In humans and pigs, LPS promotes the uptake and metabolism of another amino acid, tryptophan, and its catabolism via the coordinated induction of three enzymes, indoleamine dioxygenase (IDO1), kynurenine monooxygenase (KMO) and kynureninase (KYNU) (Kapetanovic et al., 2012, 2013; Schroder et al., 2012). Curiously, IDO1 mRNA was barely detected and was not LPS-inducible in sheep BMDM, whereas KYNU and KMO were highly expressed and KYNU was further induced by LPS. Kynurenine has assumed greater interest since the recognition of its role in immune modulation as an activator of the aryl hydrocarbon receptor (AHR) (Sinclair et al., 2018). SLC7A5, encoding a transporter which is required for the uptake of kynurenine, was highly inducible by LPS and peaked ahead of KYNU. Previous studies in other cell populations in sheep indicate that induction of IDO1 depends upon stimulation with IFNγ (Entrican et al., 2009) which might synergise with LPS.



Metabolic Regulation in Sheep Macrophages

The emerging field of immunometabolism has focused on the regulation of intermediary metabolism in recruited monocytes and macrophages in various states of activation or polarization. Amongst emerging concepts is the view that M1 polarization (classical activation) is associated with aerobic glycolysis and mitochondrial dysfunction, whereas M2 polarization requires an active TCA cycle (Ryan and O’Neill, 2020). This M1/M2 dichotomy is not well-supported by transcriptome analysis in mice and humans or in other species which instead favors a broad spectrum of activation states (Hume, 2015; Murray, 2017). CSF1 as the sole stimulus is sometimes considered an M2 agonist (Murray et al., 2014). An alternative view is that CSF1 drives a differentiated state that resembles the resident macrophages of the wall of the gut (Baillie et al., 2017). LPS on the other hand is classed as an M1 agonist but is usually considered in combination with the classical Th1 lymphokine, IFNγ (Murray et al., 2014; Murray, 2017). In any case, there is no support for the regulation of mitochondrial function in macrophages in the sheep transcriptomic data. Cluster 1 contained the large majority of mitochondria-associated transcripts (and was enriched for GO terms and pathways relating to mitochondrial function and metabolism; Supplementary Table S6). The mitochondria-associated transcripts were highly expressed and there was no evidence of major up or down-regulation by LPS.

In many cases metabolic pathways are regulated at the level of solute transport (Curi et al., 2017). There were 150 annotated members of the large solute carrier (SLC) family detected in the sheep BMDM, of which 71 were within Cluster 1 and mainly expressed constitutively. Macrophages in mice depend to varying degrees upon glutamine, glucose and fatty acids as fuels and glutamine is an important immune regulator (Liu et al., 2017). 14 different solute carriers from 4 families have been shown to transport glutamine (Bhutia and Ganapathy, 2016). Of the genes encoding these carriers, SLC38A1, contained within Cluster 3, was highly expressed and further inducible in the sheep BMDM. SLC7A7 was constitutively expressed and SLC1A5 and SLC7A5 were both highly inducible within 2 h (Cluster 4). Consistent with the importance of glutamine as a fuel, transcripts encoding enzymes and mitochondrial carriers for glutamine metabolism (GLS, GLUD1, GLUL, and SLC25A11) were also highly expressed by sheep BMDM. One novel feature of the sheep BMDM was the very high expression of L-asparaginase (ASRGL1 gene), which was further up-regulated later in the LPS response. Asparaginase may also possess glutaminase activity (Chan et al., 2014) and asparagine is likely taken up by SLC1A5 (also known as ASCT2). In humans, asparagine is a non-toxic carrier of residual ammonia to be eliminated from the body and regulates the uptake and metabolism of other amino acids, serine, arginine, and histidine, and thus protein and nucleotide synthesis (Krall et al., 2016). Interestingly, the SDS gene, encoding serine dehydratase, was also highly inducible by LPS. In non-ruminants, this enzyme is exclusive to the liver6 and deaminates serine to pyruvate and threonine to 2-ketobutyrate to provide substrates for gluconeogenesis.

The use of glucose as a fuel is regulated primarily at the level of glucose transport. In mice, a myeloid-specific conditional deletion of Slc2a1 confirmed that the encoded protein GLUT1 is the major glucose transporter in macrophages but the loss of glucose as a fuel had remarkably little impact on macrophage function (Freemerman et al., 2019). In the sheep BMDM, SLC2A1 was up-regulated by LPS, but another transporter SLC2A3 (GLUT3) was more highly expressed and was induced further within 2 h. SLC2A6 is a lysosome-associated glucose transporter that was recently knocked out in the mouse genome (Caruana et al., 2019). It was induced >10-fold by 2 h in response to LPS. The glycolytic activator 6-phosphofructose-2-kinase/fructose-2,6-bisphosphatase encoded by PFKFB3 is proposed to upregulate glycolysis and link glucose metabolism to cell proliferation and survival in mouse macrophages (Jiang et al., 2016). PFKFB3 was highly expressed in the sheep BMDM and induced further by LPS. Pyruvate kinase, muscle (PKM, also known as PKM2) and both transcripts of lactate dehydrogenase (LDHA/LDHB), as well as SLC16A3 (which encodes the monocarboxylate carrier MCT4) and SLC16A6 were further elevated later in the response (Cluster 5). The TLR-inducible expression of SLC16A3 is shared with mice, and in that species is proposed to mediate the export of lactate from glycolysis as part of a positive feedback mechanism (Tan et al., 2015).

In the TCA cycle, citrate is initially converted to cis-aconitate by mitochondrial aconitase 2 (ACO2). In LPS-stimulated mouse macrophages, the TCA cycle is diverted through the induction of a novel enzyme, cis-aconitate decarboxylase 1, encoded by ACOD1 (also known as immune responsive gene 1; IRG1), which catalyzes the conversion of cis-aconitate to cis-itaconate (Ryan and O’Neill, 2020). ACO2 was robustly expressed across the sheep BMDM time course, but not specifically regulated in response to LPS. ACOD1 was induced by 4 hrs in response to LPS in all individual sheep but level of expression remained low. In mice, the induction of ACOD1 leads indirectly to the accumulation of the downstream TCA cycle intermediates succinate, fumarate and malate. Succinate may be an important metabolite in innate immune signaling which enhances IL1B production (Tannahill et al., 2013). Interestingly, the G-protein-coupled receptor for succinate from the TCA cycle (encoded by SUCNR1, also known as GPR91) was highly upregulated in LPS stimulated sheep BMDM, whereas it is undetectable in mouse BMDM.

Given the unique metabolism of ruminants, we considered the possibility that ketone bodies would be a preferred fuel for sheep macrophages. In mice, Slc27a1, encoding the fatty acid transporter FATP1 [which also contributes to functional regulation in macrophages (Johnson et al., 2016)] is highly expressed in BMDM alongside carnitine acyl transferase genes (Crat, Crot) and repressed by LPS. In sheep BMDM, SLC27A1 and SLC27A2 were just detectable, but CD36, which encodes a transporter for long chain fatty acids, was constitutively highly expressed. SLC16A3 may also mediate uptake of the ketone body, acetoacetate, in exchange for lactate (Dimmer et al., 2000). OXCT, encoding succinyl CoA:3-oxoacid CoA transferase, which catalyzes the first step in ketolysis, was also expressed constitutively.



Expression of Non-coding RNA in Sheep Macrophages

Genome-wide studies in multiple species have indicated that mammalian genomes are pervasively transcribed. Aside from protein-coding genes, several novel classes of non-coding RNAs (ncRNAs) contribute to transcriptional and translational regulation. Several thousand unique microRNAs have been identified in ruminant species (Bourdon et al., 2019). These have not been captured in our pipeline unless we captured their precursors. Another class of non-coding RNAs is derived from the transcriptional activation of enhancers; these were identified in LPS-stimulated mouse macrophages (Kaikkonen et al., 2013) and were also identified in genome-scale 5′RACE (CAGE) in human monocyte-derived macrophages responding to LPS (Baillie et al., 2017). These transcripts are rapidly degraded from the 3′ end by the exosome complex and are generally detected at <10 TPM with CAGE, and much lower with total RNA-seq. The final class of transcripts of interest is the long intergenic non-coding RNA (lincRNA). These have been attributed roles in transcriptional regulation and chromatin structure [reviewed in Ransohoff et al. (2018)]). By contrast to protein-coding mRNAs, they are commonly expressed at low levels but are more tissue or cell-type restricted. We recently combined RNA-seq data from multiple ruminant species to identify a consensus set of 5,350 lincRNA (Bush et al., 2018b). Of these predicted lincRNA, >4000 were detected in sheep BMDM, but the majority of these were expressed at <1 TPM (Supplementary Table S7). Only 230 were expressed >10 TPM in either the stimulated or unstimulated states; these are generally annotated as ‘RNA gene’ in Ensembl. Of the lincRNA, 54 were up-regulated > 2-fold and 13 down-regulated > 2-fold with LPS. We did not detect any obvious co-localisation of any inducible lincRNA with inducible protein-coding transcripts. Although mature microRNA were not detected because of the mRNA isolation protocol used, one of the most inducible non-coding RNA transcripts (MSTRG.36731) overlaps the large microRNA cluster on sheep chromosome 18 (18:64641285–64642220) suggesting that these microRNA have a role in innate immune regulation.



Comparative Analysis of Macrophage Gene Expression

Previous comparative analysis of inducible gene expression in BMDM from multiple species confirmed major differences in regulated expression of genes involved in arginine metabolism (Young et al., 2018). The large majority of analysis of transcriptional regulation and gene function in macrophages has been carried out in mouse and to a lesser extent in humans. To extend the cross-species comparison, we downloaded expression data for BMDM with and without TLR4 stimulation from 8 species in addition to sheep, and requantified expression as described in Section “Materials and Methods.” The genome of each species has been annotated to a different extent and, as discussed for the sheep above, in many cases likely orthologies have not yet been adopted as gene names in Ensembl.

Supplementary Table S3 contains the full list of 10,770 genes expressed in at least one species for which we were able to identify orthologs in at least 3 species. The chosen time point to analyze the LPS response across mammalian species was 7 h in the large animals and rat and 6 h in the two mouse species. This captures the peak of response in the sheep where the majority of induced genes were increased in all 6 animals, consistent also with data from the human MDM time course (Baillie et al., 2017). This choice does omit analysis of immediate early genes (e.g., some genes within Clusters 4 and 34 in the sheep time course) where the induced expression had declined to baseline by 7 h.

There are averaged data for at least 3 animals in each species dataset and the culture conditions were almost identical for all species other than mouse. However, we know from previous studies in the pig (Kapetanovic et al., 2013), mouse (Raza et al., 2014; Buscher et al., 2017), and human (Fairfax et al., 2014) and the present study in sheep that there is considerable variation in the level of transcript expression and temporal profile between individuals and strains. As a first approximation to identify conserved regulation, Supplementary Table S3 ranks the average fold induction of each gene for each species and then summarizes the sum of ranks, the range of ranks and describes the pattern of species-specificity. A low sum of ranks provides an indication of consistency of induction across species, and the top 10 genes induced by LPS on that basis are IL1B, CXCL10, IL6, CCL5, ISG15, RSAD2, ACOD1, IL1A, IFIT1, and IL27 while the highest ranked transcription factor genes are IRF1 and IRF7. Even within that set of most inducible transcripts the level of expression was highly variable amongst species. Notably, IL1B was very lowly expressed in pig, and CXCL10, CCL5, RSAD2, ACOD1, and IRF7 were lowly expressed in sheep and goat. We were able to identify 8,240 genes for which there was a likely ortholog in all 9 species and in which expression was >10 TPM in at least one sample. These are provided separately in Supplementary Table S4 ranked in order of maximum level of expression in any sample.

To determine whether the transcriptional basis of macrophage differentiation and activation was conserved, the profiles of genes encoding transcription factors (TF) were analyzed separately. A total of 421 TF genes were expressed in all 9 species at >10 TPM in at least one sample (Supplementary Table S8). The molecular basis of gene regulation during macrophage differentiation in mouse has been reviewed extensively (Fonseca et al., 2016; Hume et al., 2016; Monticelli and Natoli, 2017; Rojo et al., 2017). Although there were minor differences in the level of expression between the species, the core TF network was well-conserved. Master regulators such as SPI1 (encoding the lineage-specific TF PU.1) and MAFB were constitutively expressed in BMDM in all species. The three members of the MITF family (TFEB, TFEC, and MITF), all of which are expressed in mouse macrophages (Rehli et al., 1999) and bind to regulatory elements in the promoters of many lysosome-associated transcripts (Hume et al., 2010) were also expressed in all species. One core TF absent from the conserved list was CEBPB. Annotation for this factor is missing in sheep. A BLAST search on Ensembl using the cow gene identified ENSOARG00000013395 as the likely ortholog in sheep and as expected it was constitutively expressed in sheep BMDM and further induced by LPS as in all 8 other species (Supplementary Table S3). We conclude that the transcriptional network that controls macrophage differentiation and LPS responsiveness is largely conserved across mammals. In the light of discussion above about the role of interferon in sheep BMDM, one important exception is IRF7. In human monocytes, quantitative variation in LPS-inducible transcripts is associated with the level of IRF7 (Hume and Freeman, 2014). As noted above, sheep and goat BMDM expressed very low levels of IRF7 whereas it was highly inducible in all other species.

To identify sets of transcripts that vary in parallel between species we again used Graphia. Figure 2A shows the sample-to-sample matrix for the complete dataset. The graph reveals that control and LPS-stimulated datasets for three of the ruminant samples (sheep, cow, and water buffalo) cluster together as do the three rodent datasets. The goat dataset clustered separately from the other ruminants for reasons that become evident below, and pig and horse were also distinct. Figure 2B shows the GCN and Supplementary Table S9 the contents of each of the clusters and their average expression profiles. Profiles of the largest clusters and index genes in each are shown in Figure 3. The two largest clusters contain genes that on average are constitutively expressed and marginally down-regulated by LPS. Cluster 1 was enriched around twofold in the rodent macrophages. It contains the macrophage-specific growth factor receptor, CSF1R. Cluster 2 and Cluster 7 have a similar profile to Cluster 1 but genes within them were on average more highly expressed in the pig BMDM relative to the ruminants and horse. Genes in Cluster 3 were highly expressed only in the goat BMDM and the cluster was strongly enriched for collagens and other mesenchyme-associated transcripts. These goat BMDM cultures were generated from 6 days old animals (Supplementary Table S1) when the marrow hematopoietic compartment may not have been fully established with residual mesenchymal cells contributing to the RNA pool. Cluster 5 is clearly enriched with genes previously annotated as cell cycle related (Giotti et al., 2019). The average expression was higher in the BMDM cultured from the four ruminant species and pigs and presumably reflects an ongoing proliferation at the time of harvest. Most transcripts in the cluster were repressed by LPS, consistent with the known growth inhibitory impacts of TLR signaling (Sester et al., 2005).
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FIGURE 2. Network analysis of BMDM from nine mammalian responding to stimulation with LPS. (A) Sample-to-sample 3D network of the BMDM treated with LPS. The Pearson correlation threshold was r = 0.8. Each node represents the BMDM from a species at 0 and 6 or 7 h post LPS exposure and the lines between them are connections above the threshold correlation coefficient. The layout demonstrates the separation of pig, goat and horse, and the close relationship among rodent samples and ruminant samples, and between the control and LPS-stimulated samples of each species. (B) Network graph for gene coexpression network for BMDM from each species with and without LPS stimulation. The Pearson correlation threshold was r = 0.8, MCL inflation value 1.7. Each node is a gene and the lines between them are connections above the threshold correlation coefficient. Nodes (genes) highlighted with the same color represent co-expression clusters determined by the MCL clustering algorithm with an inflation value of 1.7. Note that this is a 2D representation of a 3D network graph. The average expression profiles of genes within the largest clusters are shown in Figure 3.
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FIGURE 3. Network analysis of BMDM from nine mammalian species responding to stimulation with LPS. Average gene expression profiles and genes of interest within the clusters of the largest eight clusters (>170 nodes) from the gene-to-gene analysis of BMDM with or without LPS shown in Figure 2B. Graphia network analysis performed at R ≥ 0.8, MCL inflation 1.7. Y-axis shows average expression of genes in each cluster (TPM) which indicates the shared pattern driving the correlated expression. For example, the basal expression of transcripts in Cluster 1 was enriched in the rodent BMDM and was down-regulated in all species by LPS. Genes named under each panel are representative of each cluster. The full set of genes in each cluster and all smaller clusters is provided in Supplementary Table S9. X-axis shows the samples. Bar indicates species: dark blue – sheep; light blue – goat; light green – buffalo; dark green – cow; yellow – horse; purple – pig; red – Mus musculus; dark red – Mus spretus; pink – rat. For each species the first column shows the average gene expression at 0 h and the second column shows the average gene expression after LPS treatment; 6 h for M. musculus and M. spretus; 7 h for all other species. Colors of the bars in the graphs are the same as those of the genes in that cluster in Figure 2B.


The average expression profiles of many of the smaller clusters vary between species, either in basal expression or pattern of regulation. Even within species, individual loci exhibit heritable differences in the level of expression (Fairfax et al., 2014). Species-enriched clusters such as Cluster 10 (buffalo), Cluster 11 (sheep), Cluster 12 (rat), Cluster 14 (cow), Cluster 16 (horse), and Cluster 36 (pig and horse) do not contain obvious transcriptional regulators that might act in trans so most species-specific variation is likely cis-acting. Supplementary Table S9 shows the profiles and gene lists for these clusters.

Previous studies have indicated the substantive differences in regulated gene expression in macrophages between mice and large animals (humans and pigs) (Kapetanovic et al., 2012; Schroder et al., 2012). Clusters 4, 6, and 8 further highlight the difference between the rodent and large animal BMDM. Cluster 4 was enriched in the rodent BMDM, especially M. musculus, and further-induced by LPS. It includes TF genes ATF3, CREB5, ETV6, FOXP1, IRF8, and STAT3. Some transcripts within Cluster 4 (e.g., C1QA and C1QB) reflect the idiosyncrasies of the C57BL/6 mouse strain in which many transcripts are over-expressed or absent compared to other strains (Raza et al., 2014). Transcripts within Cluster 6 were highest in rat BMDM, again including multiple transcriptional regulators: BHLHE41, CREB3, CUX1, ESRRA, ETV3, KLF4, NFATC1, and SMAD3. Transcripts within Cluster 8 were also, on average, more highly expressed in rodents, and highly inducible by LPS. This cluster contains the rodent-specific macrophage marker ADGRE1 (F4/80) and includes several lineage-enriched TF genes such as AKNA, GFI1, KLF3, LMO4, NR1H3 and SPI1.

Several smaller clusters contain the transcripts that on average were induced by LPS in all species but with differences in relative activation. Clusters 37 and 39 contain most of the highest-ranked inducible transcripts in Supplementary Table S3, including IL1A and IL1B. Cluster 9 contains transcripts induced in all species but most highly in bovids (cow and water buffalo), including BATF3, JUN, HIF1A, MITF, NFE2L3, NFIL3, PRDM1, STAT1 and transcripts encoding inflammatory effectors CSF3 and PTX3. Transcripts in Clusters 19 (containing IRF1, NR3C1, and REL) and 38 (containing IRF7) were induced in all species but considerably less so in sheep and goats. This suggests that the comparatively low LPS-induced expression of a subset of interferon target genes discussed above is related to low expression of the key TFs IRF1 and IRF7. Similar variation in IRF gene family expression between individual humans (Hume and Freeman, 2014) and chickens (Freem et al., 2019) has also been associated with co-regulated expression of IRF target genes. The reciprocal Cluster 25 contains transcripts induced specifically in sheep and goat BMDM. It does not include obvious trans-acting factors, suggesting that these differences are locus-specific.




DISCUSSION


Feedback Regulation of the LPS Response in the Sheep

The analysis of the response of sheep BMDM to LPS confirms a pattern that was evident from a more extensive analysis of the response of human MDM to LPS (Baillie et al., 2017). The LPS response is a temporal cascade in which each peak of regulated gene expression includes both feed-forward activators and feedback inhibitors. The sheep BMDM response to LPS shares with the human macrophage response the rapid induction of numerous immediate early transcription factors. Amongst the most-inducible was the atypical NF-κB inhibitor protein gene, NFKBIZ, the product of which (IκBζ) interacts with Akirin2 to trans-activate inflammatory cytokine genes such as IL6 and IL12B (Tartey et al., 2014). The canonical MyD88-independent TRIF/TRAM (TICAM1/2)-dependent pathway of IFN regulation determined from studies of mice involves the interactions of TRAF3 and the kinase TBK1 to phosphorylate IRF3, but this pathway is not conserved in humans (Schroder et al., 2012). In the sheep BMDM also, IRF3, TBK1, and TRAF3 were expressed at very low levels and the most inducible member of the IRF family was IRF1. TICAM1 was amongst the early LPS-responsive genes and in common with human, LPS induced TRAF1.The other feature shared with human macrophages was the rapid induction of genes encoding repressors of the TLR4 signal at multiple levels, including BCL3, CISH, DUSP1/2/5/6, GADD45B, IL10, NFKB1/2, NFKBIA/B/D/E, PPP1R15A, SOCS1/3, TNFAIP3/6, TRIM25, ZFP36, and ZC3H12A. Each of these inducible feedback regulators is shared with LPS-stimulated human MDM (Baillie et al., 2017). On the other hand, many of the negative regulators of TLR4 signaling identified in mice and discussed by Kondo et al. (2012) [e.g., AHR, ATF3, ATG16L1, KLF3, MSK1/2, PDLIM2, PIN1, RPS6K family (also known as MSP1/2)] were expressed constitutively in sheep BMDM as in human MDM (Baillie et al., 2017) and were not further-regulated by LPS. As discussed previously, the surprising feature of the feedback regulation of the LPS response is the apparent lack of redundancy, in that mutation or deletion of any of these regulators can lead to excessive TLR signals and inflammatory pathology in humans and model organisms (Wells et al., 2005).



Conserved Transcription Regulation in Macrophages

A comparative analysis of gene expression in the liver of 25 mammalian species concluded that the transcriptional profile and spectrum of lineage-specific TFs is largely conserved (Berthelot et al., 2018) despite the gain and loss of individual regulatory elements. We hypothesized that cells of the innate immune system could display greater diversity between species than hepatocytes as a consequence of the evolutionary pressure of pathogen selection which would differ between species. Analysis of the response of mouse, human and pig macrophages to LPS (Schroder et al., 2012) and to glucocorticoids (GC) (Jubb et al., 2016) revealed the extensive gain and loss of cis-acting regulatory elements between the species that accounts for differences in inducible gene expression. This was especially obvious in the case of GC, where transcriptional activation derives from a single regulatory motif, unlike LPS-inducible gene expression which samples a smorgasbord of inducible TFs. The comparative analysis of the mammalian macrophage transcriptome presented here supports the evolutionary conservation of the overlying transcriptional network that drives macrophage biology. The set of constitutive and LPS-inducible TF transcripts was largely conserved across the 9 species we examined, and consistent with previous analysis of human MDM (Baillie et al., 2017).

As expected, amongst the most abundant transcripts shared by all macrophages are those encoding components of the endosome/lysosome pathway (e.g., CD68, GPNMB, LAMP1, and NPC2) and lysosomal hydrolases (CTSB, CTSD, LGMN, and LIPA). The largest divergence between the species separated the rodents from all the large animals and includes transcripts in Clusters 4, 6, and 8 (Figure 3). These differences need to be interpreted with some caution, because the clusters include multiple lineage-specific transcription factors such as CEBPB, IRF8, NR1H3, and SPI1 that appear somewhat over-expressed in rodents, especially in the mouse samples. Unlike all of the other samples (which were generated by our group), the mouse BMDM were grown in L929 conditioned medium (as a source of CSF1) rather than recombinant CSF1, and in DMEM/high glucose with 20% fetal bovine serum (FBS) (Link et al., 2018) rather than RPMI 1640/10% FCS which is optimal for mouse BMDM proliferation (Hume and Gordon, 1983). One possibility we cannot eliminate is that the mouse BMDM are simply more fully differentiated as a result of the different culture conditions. Equally, there may be mouse-specific differences in CSF1 responsiveness, associated with the unique lack of autocrine Csf1 expression by mouse BMDM (see above) which is also evident in independent datasets from our group.6 The reciprocal immature phenotype is reflected in the cluster of cell cycle-associated transcripts which remain more highly expressed in the macrophages cultured from the large animals (Cluster 5, Figure 3).



Divergent Metabolic Regulation Amongst Mammalian Species

The shared high expression of genes involved in glutamine metabolism (GLS, GLUL, GLUD1, and SLC25A11) in BMDM from all species suggests that the use of this amino acid as a fuel by macrophages, demonstrated previously in mouse and human (Curi et al., 2017), is conserved amongst mammalian species. SLC1A5, which encodes a plasma membrane glutamine transporter, was also highly expressed in all the macrophage populations, especially ruminants (sheep and cow) where it was further induced by LPS. A variant isoform of SLC1A5 was shown recently to be involved in mitochondrial glutamine uptake in human tumor cells (Yoo et al., 2020).

Other metabolic pathways appeared more divergent. Our previous study documented the major differences in arginine metabolism and production of nitric oxide by these species and the underlying transcriptional basis for the difference (Young et al., 2018). Cluster 12 was most highly induced in the rodent BMDM and included NOS2, ARG1 (encoding arginase 1), the gene for the inducible arginine transporter, SLC7A2, required for nitric oxide production in mouse macrophages (Kakuda et al., 1999) and arginosuccinate synthase (ASS1) which recycles citrulline to regenerate arginine (Qualls et al., 2012). As with NOS2, most of the genes in this cluster were also induced to a lesser extent in all the bovid BMDM in response to LPS and a temporal difference in the kinetics of induction cannot be eliminated. Interestingly, although ACOD1 did not form part of Cluster 12, the level of induction by LPS was >10-fold lower in those species (goat, horse, pig, and sheep) in which NOS2 induction was minimal. The induction of ACOD1 may actually be a direct response to mitochondrial toxicity of NO (Jamal Uddin et al., 2016). The product of ACOD1, itaconate, induces HMOX1 (Mills et al., 2018) which was also most inducible by LPS in the rat BMDM.

Notwithstanding the differential regulation of IDO1 in sheep and goats, other genes involved in tryptophan metabolism (KYNU, KMO) were expressed and LPS-responsive only in BMDM from large animals, as shown previously in humans and pigs (Schroder et al., 2012). Accordingly, application of IDO1 inhibitors as therapeutic agents based upon rodent disease models (Prendergast et al., 2017) needs to be considered with caution. Kynurenine is an immune modulator, and studies in mouse T cells identified SLC7A5 as a transporter facilitating the uptake of this metabolite (Sinclair et al., 2018). In common with human macrophages where kynurenine has been attributed an anti-inflammatory role (Rotoli et al., 2018) an alternative kynurenine transporter, SLC7A7 was constitutively expressed in BMDM from all the large animals. The macrophages from all species expressed high levels of the SLC7A7 dimerization partner, SLC3A2, which forms the large/neutral amino acid transporter (y+ LAT1) complex.

We speculated a priori that ruminant macrophages might be adapted to use fatty acids or ketone bodies as fuels because of the high levels of these metabolites produced by ruminant fermentation. This profile might potentially be shared with horses, which produce volatile fatty acids from hind gut fermentation. There was no evidence to support this hypothesis. Any such adaptation may be obscured by use of a common cell culture medium containing high glucose and relatively high oxygen. BMDM from the four ruminant species did share regulated high expression of other metabolism-associated transcripts noted from analysis of the sheep BMDM time course, including ARG2, ASRGL1, LDHB, SDS, and SUCNR1. The LPS-inducible expression of serine dehydratase (SDS) that was unique to the ruminants may also contribute pyruvate to support oxidative metabolism. Unlike rodents, BMDM from all of the large animals shared expression of SLC2A3 (encoding GLUT3) although the level of expression and response to LPS differed. In humans, SLC2A3 was expressed in blood monocytes and down-regulated during their maturation to the CD16++ subset alongside increased oxidative metabolism (Schmidl et al., 2014). This pattern was recently confirmed in bovine monocytes (Eger et al., 2016). GLUT3 was first identified as a neuron-specific glucose transporter but subsequent studies revealed expression by human leukocytes and inducible translocation to the plasma membrane in response to stimulation [reviewed in Eger et al. (2016)]. GLUT3 has both the lowest Km and the highest Vmax of any of the glucose carriers, but it is unclear why this would be important for large animals compared to rodents. BMDM from all the species except horse also expressed the leukocyte-enriched hexokinase gene, HK3.



Species Specific Immune-Related Genes

The merged data in Supplementary Tables S3, S4 and the cluster analysis of those (Supplementary Table S9) provide a resource to identify macrophage-expressed and LPS-inducible genes that are shared across all mammalian species. Other gene-specific differences amongst species may aid especially in the interpretation of studies using rodents as models to understand gene function. Table 1 provides examples of transcripts for which there is some evidence of innate immune function in rodents, and which were up-regulated in all the mammalian macrophages. They include many additional examples of inducible feedback regulators highlighted in analysis of the sheep time course. In Table 2, we identify examples of transcripts that were expressed and/or regulated in macrophages and clearly highly divergent between rodents and large animals. Some families of genes are discussed in more detail below.


TABLE 1. Summary of novel genes induced by LPS in all mammalian BMDM.
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TABLE 2. Genes that show divergent regulation between large animals and rodents.
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One gene and potential function that is clearly divergent between rodents and large animals is APOBEC1 which is involved in RNA editing of cytosine to uracil (Harjanto et al., 2016). This transcript was expressed constitutively only in mouse BMDM. In human MDM, APOBEC1 was not expressed but APOBEC3A was highly LPS-inducible (Baillie et al., 2017) and has been shown to mediate RNA editing in human monocytes and macrophages (Sharma et al., 2015). The APOBECs are a multigene family and cross-species orthologies are difficult to establish. The putative APOBEC3A gene in sheep (annotated as APOBEC3Z1) was highly induced in only 3 of the sheep BMDM analyzed. The highly LPS-inducible cytidine deaminase (CDA) gene might fulfill this function in ruminant macrophages.

The set of around 2,500 genes for which we detected expression but could not identify orthologs in all species includes genuine copy number variants (some of which are discussed below) and inconsistent gene names that require manual curation. There is a subset annotated only in the large animals or in rodents (e.g., the zinc finger proteins) where ortholog relationships are ambiguous. The Fc receptor family (FCGR), which are clearly important for macrophage effector functions (Bruhns and Jonsson, 2015) have copy number variants that are functionally important in humans, with consequent confusion in orthology relationship with other species. There are many other genes currently annotated only as open-reading frames (Orf) in humans. The merged data confirms expression of these transcripts in macrophages of large animals. The large majority of these transcripts show no evidence of regulation in any species, likely reflecting the long-term focus of annotation efforts in all species on regulated genes. One exception is C15orf48, which was induced by LPS in all the large animal species and was also induced by LPS in human MDM (Baillie et al., 2017). Although the 83 amino acid Orf is conserved across species, this is also the host gene for miR-147, a microRNA induced by LPS in mouse macrophages and implicated in feedback regulation (Liu et al., 2009). CXorf21, expressed and further inducible by LPS in all the large animals, as in humans (Baillie et al., 2017), contains risk alleles for systemic lupus erythematosus and Sjögren’s syndrome (Harris et al., 2019; Odhams et al., 2019). Although not in the pseudoautosomal region, the gene escapes X inactivation and is proposed to underly increased female autoimmune disease prevalence in humans. The protein product may regulate lysosome acidification (Harris et al., 2019). Another gene lacking functional annotation is C9orf72, the major locus implicated in human amyotrophic lateral sclerosis. This gene was highly expressed in human MDM (Baillie et al., 2017) and a mouse knockout led to macrophage dysfunction and neuroinflammation (O’Rourke et al., 2016). C9orf72 was expressed in BMDM from all the species.

In view of the central role of CSF1 in macrophage homeostasis, the gene encoding this growth factor is of particular interest. Mouse BMDM express a very low level of Csf1 mRNA and depend upon exogenous CSF1 for survival (Hume and Gordon, 1983). In humans, CSF1 mRNA is undetectable in monocytes but rapidly induced in vitro as they differentiate to macrophages (Baillie et al., 2017). In mouse BMDM cultured by our group and analyzed using arrays,6 Csf1 mRNA was undetectable in untreated cells, but induced at 7 h by LPS. In the RNA-seq data from another group analyzed here, the result is similar. By contrast, in all other species CSF1 mRNA was expressed constitutively in BMDM. In our experience, by contrast to mouse, BMDM and MDM produced from other species including rat do not depend upon exogenous CSF1 for survival. This difference may be important in the interpretation of rodent models of the impact of human CSF1R mutations (Hume et al., 2020). BMDM from the different species differ also in their expression of other myeloid growth factors and receptors. CSF2 (granulocyte macrophage CSF) was undetected in mouse but highly LPS-inducible in the ruminant and rat BMDM. CSF3 was also LPS-inducible, especially in cow and rat BMDM. All the BMDM expressed the CSF2 receptor gene (CSF2RA) but only mouse BMDM expressed high levels of CSF3R.

One of the hallmarks of inflammation is the rapid recruitment of neutrophils in response to inducible chemoattractants. Some chemokine genes were expressed constitutively by BMDM, whilst others are major LPS target genes. Neutrophil recruitment in humans is mediated mainly by the CXC family of chemokines acting on neutrophil receptors CXCR1 and CXCR2 (Petri and Sanz, 2018). The most abundant neutrophil chemoattractant CXCL8 (IL8) has no ortholog in rodents. The annotated CXCL chemokine genes detected in BMDM were either expressed constitutively, induced or repressed by LPS in individual species. In rodents in particular, neutrophil chemotaxis may also be mediated by the CC chemokine family acting through CCR1 (Petri and Sanz, 2018). The BMDM from large animals and rats shared high constitutive expression of CCR1. Orthology relationships amongst the CC chemokines were also ambiguous and most were not assigned in all species. Individual CC chemokine transcripts (CCL1-CCL9, CCL11, CCL12, CCL14, and CCL17) were expressed constitutively, induced or repressed in an idiosyncratic manner. The chemokine gene CCL20, which was not expressed in rodents but induced by LPS in humans and pigs (Schroder et al., 2012) was also expressed in all the ruminant BMDM. The small ruminants (sheep and goats) showed the unique LPS induction of another chemokine gene (CCL24) but in keeping with the apparent low interferon response expressed low levels of CXCL10 (also known as interferon inducible peptide 10kD, or IP10). Chemokine receptors have been favored targets for anti-inflammatory drugs since their first discovery, and the relative failure of efforts to target them has been attributed to the fact that both ligands and receptors are promiscuous in their binding activity. A recent review summarizes evidence for non-redundant functions of multiple ligands binding to a shared receptor and vice versa (Dyer, 2020). However, chemokine redundancy would also provide an explanation for rapid evolutionary functional divergence, and it may be that each animal species has its own unique solution to the recruitment of inflammatory cells.

Members of the S100 family of cytoplasmic calcium binding proteins have many proposed functions as intracellular regulators and secreted mediators in macrophages (Xia et al., 2017). S100A4, S100A10, and S100A11 were expressed constitutively in BMDM from all species. Ruminant BMDM share with pig BMDM constitutive high expression of S100A8 and S100A9 (which form a functional heterotetramer known as calprotectin). S100A1 was restricted to mouse BMDM whereas S100A12, a likely duplication of S100A8 that is absent from rodent genomes, was also highly expressed and induced further by LPS in BMDM from all the large animals (Supplementary Table S3) as it was in human MDM (Baillie et al., 2017). S100A6 was expressed by rodents, pigs and horses, but absent from ruminant BMDM. Conversely, the ruminant BMDM were unique in expressing S100B. It is not clear whether any of these closely related S100 family members has a unique species-specific function or there is simply functional redundancy.

Where orthology relationships were unambiguous there are genes identified in the GCN analysis that appear extremely divergent amongst species. The most highly expressed transcript in all 4 ruminants, SPP1 (encoding osteopontin, also known as secreted phosphoprotein 1), was expressed constitutively at a level around 10-fold higher than in rodents. The sheep (Clark et al., 2017) and pig (Summers et al., 2019) atlases reveal that SPP1 is massively enriched in macrophages relative to all tissues and other cells, where this is not the case in mouse.6 SPP1 is also amongst the most inducible transcripts in human MDM relative to blood monocytes (Baillie et al., 2017). There is a substantial literature on the many roles of osteopontin in innate immune regulation and mineral homeostasis, and genetic association with human disease susceptibility (Icer and Gezmen-Karadag, 2018). The numerous studies based upon the Spp1 knockout mouse (Liaw et al., 1998) may not reveal the non-redundant functions of this gene in humans or large animals.

Manual curation reveals some examples where consistent expression is hidden by ambiguous annotation (e.g., CD63, annotated as the synonym ITGA7 in the horse, is highly expressed in all species) and some examples (e.g., the absence of CTSL and ATP6V0C in both cattle and buffalo BMDM) where the lack of expression appears genuine. CD163, considered an M2 macrophage marker in mice (Murray et al., 2014) was expressed by BMDM from all the large animals but barely detected in mouse and rat. Horse BMDM showed uniquely high expression of HSD11B1, IL5RA and TGFB3. The inflammasome activator and cytoplasmic DNA sensor AIM2, known to be absent in pig and a pseudogene (low-expressed) in ruminants (Cridland et al., 2012) was LPS-inducible in horse BMDM. Genes within Cluster 14 that showed highest expression in the cow BMDM but were also highly expressed in other ruminants and pigs, include ITGB3, MMP19, SLC31A2 (a copper transporter) and VSIG4. Genes within Cluster 10 that were most restricted to the buffalo include CD34, CD247, CXCL2, IGF2, LDAH, LRR1, N2RF6, OSCAR, and the zinc transporter SLC39A2. These transcripts could be associated with the adaptation of this species to tropical environments and high pathogen load.




CONCLUSION

We have presented a network analysis of the response of BMDM from individual sheep to LPS providing strong evidence of a conserved feedback regulatory framework in mammalian macrophages. We then extended the analysis to compare the response across mammalian species. On balance, although Table 2 and the discussion highlight a number of clearly orthologous genes that show absolute expression differences among species, the number is small compared to the shared transcriptome and actually highlights the overall consistency of mammalian macrophage gene expression. We conclude that the vast majority of transcripts expressed constitutively or regulated by LPS in BMDM are detected in all species and most differences are quantitative rather than qualitative. In the analysis of multiple species we have used averaged data from outbred animals for every species other than M. musculus and rat. Based upon analysis of individuals in human, pig, and inbred mouse strains noted above, and the analysis of six crossbred sheep presented here (Figure 1), it is likely that there is also substantial qualitative and quantitative variation within each species. Such variation may ensure that populations display a variety of responses to the diversity of pathogen challenges, an evolutionarily advantageous strategy. On the other hand, the combined dataset provides a resource for the prioritization of candidate genes within loci associated with heritable differences in disease susceptibility in humans and livestock animals.
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FIGURE S1 | Graph size vs. correlation threshold for sheep BMDM treated with LPS. The correlation threshold chosen was 0.75, which included 9,304 nodes making 2,569,091 edges.

FIGURE S2 | Graph size vs. correlation threshold for nine species BMDM treated with LPS. The correlation threshold chosen was 0.8 (broken line), which included 8,129 nodes making 575,702 edges.
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Adherent Intestinal Cells From Atlantic Salmon Show Phagocytic Ability and Express Macrophage-Specific Genes
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Our knowledge of the intestinal immune system of fish is rather limited compared to mammals. Very little is known about the immune cells including the phagocytic cells in fish intestine. Hence, employing imaging flow cytometry and RNA sequencing, we studied adherent cells isolated from healthy Atlantic salmon. Phagocytic activity and selected gene expression of adherent cells from the distal intestine (adherent intestinal cells, or AIC) were compared with those from head kidney (adherent kidney cells, or AKC). Phagocytic activity of the two cell types was assessed based on the uptake of Escherichia coli BioParticlesTM. AIC showed phagocytic ability but the phagocytes were of different morphology compared to AKC. Transcriptomic analysis revealed that AIC expressed genes associated with macrophages, T cells, and endothelial cells. Heatmap analysis of selected genes indicated that the adherent cells from the two organs had apparently higher expression of macrophage-related genes. We believe that the adherent intestinal cells have phagocytic characteristics and high expression of genes commonly associated with macrophages. We envisage the possibilities for future studies on enriched populations of adherent intestinal cells.
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INTRODUCTION

Teleost fishes have both organized and diffuse lymphoid tissues. However, these tissues differ from those of mammals morphologically and functionally. Fish lack bone marrow and lymph nodes found in mammals. Therefore, they rely on thymus, (head) kidney and spleen as their key lymphoid organs. The head kidney (or anterior kidney), is the main source of cytokine-producing lymphoid cells (Geven and Klaren, 2017), macrophages, and plasma cells, which find their way to specific sites, including those in the intestine, to replenish tissue-resident cell populations (Kratofil et al., 2017). Furthermore, the head kidney recruits specific cell types during disease conditions like inflammation (Parra et al., 2015). The head kidney is also a well-known primary B cell organ in fishes (Li et al., 2006; Parra et al., 2015). This makes the head kidney the main hematopoietic organ in teleost fish. In addition, fish possess mucosa-associated lymphoid tissues (MALTs), but these tissues are more diffuse compared to those in mammals (Parra et al., 2015). Among these MALTs, gut-associated lymphoid tissues (GALTs) contain two main populations of immune cells: (1) intraepithelial lymphocytes, which include mainly T cells located between the epithelial cells; and (2) lamina propria leukocytes, which are comprised of lymphocytes, macrophages, granulocytes and plasma cells (Rombout et al., 2011). In-depth knowledge of these immune cells present in GALT is necessary to understand the crosstalk between antigens and the epithelium as well as the immunological functions of both the key lymphoid organs and GALT. However, the lack of appropriate cell markers and complexity of isolation protocols are still hampering the progress of research on leukocyte cell populations in the fish intestine.

The most common practice is to collect adherent cells from specific organs in order to characterize them through further analysis. Cell adhesion refers to the ability of cells to adhere to other cells or extracellular matrix (Khalili and Ahmad, 2015). This process not only stimulates communication between cells but also helps to retain the tissue structure and functions (Khalili and Ahmad, 2015). The cells isolated from tissues or organs are mostly adherent types, and the known mammalian adherent cells are macrophages (Selvarajan et al., 2011), T cells (Bierer and Burakoff, 1988; Shimizu et al., 1991), endothelial cells (Braniste et al., 2016), epithelial cells (Kihara et al., 2018) and dendritic cells (DC, only upon antigen exposure) (Yi and Lu, 2012). Mammalian cell culture methods are frequently adopted to culture and study monocyte-derived macrophage-like cells from fish immunological tissues such as spleen (Iliev et al., 2013) and head kidney (Joerink et al., 2006; Iliev et al., 2019). However, our knowledge of the cell types including phagocytic cells that are involved in the fish intestinal immune response is rather limited compared to mammals.

As for the intestinal cells of fish, McMillan and Secombes (1997) were the first researchers to describe protocols to isolate them from rainbow trout, Oncorhynchus mykiss. After a decade, several research groups put in effort to effectively isolate and characterize intestinal immune cells from different fish species such as rainbow trout (Bernard et al., 2006), gilthead seabream, Sparus aurata (Salinas et al., 2007) and Atlantic salmon, Salmo salar (Attaya et al., 2018). Although there is ample information about the adherent cells from the head kidney in teleost fishes, knowledge about the intestinal cells has to be gathered by employing next generation techniques.

Therefore, this study investigated the adherent cells isolated from the distal intestine by employing the cells from the head kidney of Atlantic salmon as reference. We adopted two high-throughput techniques, imaging flow cytometry (IFC) and RNA sequencing. First, using IFC we explored the adherent cells from the aforementioned organs to decipher the characteristics of the populations and their phagocytic activity. Subsequently, a transcriptomic study was carried out to profile the expression of (1) cell type (macrophage, dendritic cell, endothelial cell, T and B cells)-related genes and (2) other immune genes (cytokines, chemokines, mucins and toll-like receptors) to delineate if the adherent cells expressed genes associated with phagocytes.



MATERIALS AND METHODS


Experimental Fish and Sampling Procedure

Atlantic salmon post smolts of about 70 g were purchased from a commercial producer (Sundsfjord Smolt, Nygårdsjøen, Norway) and maintained at the Research Station of Nord University, Bodø, Norway. Fish were fed a commercial feed (Ewos Micro, Ewos AS, Bergen, Norway) to satiation, and reared in a flow-through sea water system (temperature: 7–8°C, dissolved oxygen saturation: 87–92%, 24-h light cycle). Fish (of the weight range 510–590 g) was used in this study. The fish were starved for 24 h and were killed with an over dose of MS-222 (Tricaine methane sulfonate; Argent Chemical Laboratories, Redmond, United States; 80 mg/L). Head kidney (HK) and distal intestine (DI) samples were then collected.



Cell Isolation and Culture

Immune cells from the head kidney (HK) and distal intestine (DI) were isolated and grown at 12°C in Leibovitz’s L-15 Medium (L-15; Sigma-Aldrich, Oslo, Norway) as described previously by Park et al. (2020) and Salinas et al. (2007), respectively. The osmolality of cell culture media was adjusted to 380 mOsm by adding a solution consisting of 5% (v/v) 0.41 M NaCl, 0.33 M NaHCO3 and 0.66 (w/v) D-glucose (Sigma).

Briefly, HK from salmon (n = 6) were sampled and transferred to 15 mL centrifuge tubes to make a total volume of 4 mL in ice-cold L-15 + [L-15 medium with 50 U/mL penicillin (Sigma), 50 μg/mL streptomycin (Sigma), 2% fetal bovine serum (FBS; Sigma) and 10 U/mL heparin (Sigma)]. The tissues were passed through a sterile 100-μM cell strainer (Falcon, New York, United States) with ice-cold L-15 +. Thereafter, the cell suspensions were layered on 40%/60% Percoll (Sigma) to separate HK leukocytes and centrifuged at 500 × g for 30 min, at 4°C. Cells at the interface were collected and washed twice with ice-cold L-15-FBS free (L-15 medium with 50 U/mL penicillin, 50 μg/mL streptomycin) by centrifugation (500 × g, 5 min, 4°C).

For intestinal cell isolation, DI samples from salmon (n = 6) were transferred to a cell culture dish (Nunc EasyDish, Thermo Fisher Scientific, Oslo, Norway) with 2 mL ice-cold PBS. The tissues were cut open longitudinally and washed with ice-cold PBS to remove gut contents. After washing they were cut into small pieces (1–2 cm fragments) and transferred to 15 mL centrifuge tubes to make a total volume of 4 mL in DTT solution (0.145 mg/mL dithiothreitol + 0.37 mg/mL EDTA in Ca2+ and Mg2+ free HBSS, Sigma) at room temperature for 20 min to break disulfide bonds in the mucus. Next, the tissue fragments were washed with L-15 + supplemented with DNAse (0.05 mg/ml; Sigma) to prevent cell clumping and wash out excess DTT. Thereafter, the washed fragments were transferred to 15 mL centrifuge tubes to make a total volume of 6 mL in the digestive solution (0.37 mg/mL collagenase IV, Thermo Fisher Scientific). The centrifuge tubes were incubated in a shaking incubator (200 rpm) at RT for 60 min. The tissue fragments and supernatants were then passed through a sterile 100-μM cell strainer with ice-cold L-15 +, and the cell suspensions were layered on 25%/75% Percoll. The tubes containing the cells and Percoll were centrifuged at 500 × g for 30 min, at 4°C to separate DI leukocytes. Cells at the interface were collected and washed twice with ice-cold L-15-FBS free by centrifugation (500 × g, 5 min, 4°C).

Both HK and DI leukocytes (mentioned under flow cytometry studies) were allowed to adhere on a cell culture dish with 2 mL L-15 + for 2 days at 12°C. After collecting the supernatant containing non-adherent cells, the dish with the adherent cells was placed on ice for 10 min, and the cells were detached by washing three times with 1.5 mL ice-cold PBS supplemented with 5 mM EDTA. The cells obtained were centrifuged (500 × g, 5 min, 4°C) and re-suspended in 1 mL L-15 +. Then, the cells were counted using a portable cell counter (Scepter 2.0 cell counter, EMD Millipore, Darmstadt, Germany). To confirm the quality of the harvested cells, we observed the cells using a live cell imager (ZOE Fluorescent Cell imager, Bio-Rad, Oslo, Norway). With our improved protocols, we were able to harvest many cells with high viability. We checked the quality of the isolated cells by observing them through microscope and with the help of live/dead cell assays using propidium iodide.



Flow Cytometry Studies

To understand the cell populations and their functions we isolated and cultured cells from HK and DI. These cells were studied employing the ImageStream®X Mk II Imaging Flow Cytometer (Luminex Corporation, Austin, TX, United States) equipped with two argon-ion lasers (488 and 642 nm) and a side scatter laser (785 nm). The acquired cell data were analyzed using IDEAS 6.1.822.0 software (Luminex). All flow cytometry assays were performed as described previously (Park et al., 2020).


Cell Population

To study the cell populations − (i) whole leukocytes, (ii) supernatants and (iii) adherent cells − from three cell suspensions from HK or DI, aliquots containing > 5 × 105 cells were washed with 500 μL PBS by centrifugation (500 × g, 5 min, 4°C) and resuspended in 50 μL PBS. Prior to loading the tubes containing the cells in the flow cytometer, 1 μL of propidium iodide (PI, 1 mg/mL, Sigma) was added to differentiate between the dead and live cells as well as to estimate the cell types based on the morphology of their nucleus. From each sample, more than 10,000 cell images were acquired using two lasers with optimized voltage levels, 488 nm (1 mW) and 785 nm (0.47 mW). Thereafter, using IDEAS software, dead cells were excluded based on PI positivity; both are shown in a brightfield (BF) area (cell size) vs. side scatter (SSC) intensity (cell granularity) plot.



Phagocytosis Assay

To compare the phagocytic activity of whole leukocytes and adherent cells (i and iii mentioned under flow cytometry studies), aliquots containing 0.5 × 105 cells in 100 μL L-15 + were incubated with fluorescent bio-particles (pHrodoTM Red Escherichia coli Bioparticles, Thermo Fisher Scientific), at a cell and particle ratio of 1:5 for 2 h at 12°C. After incubation, the cells were washed once with 500 μL PBS by centrifugation (500 × g, 5 min, 4°C) and resuspended in 50 μL PBS. Thereafter, the tubes containing cells were loaded in the flow cytometer and more than 10,000 cell images were acquired using two lasers with optimized voltage levels, 488 nm (50 mW) and 785 nm (0.47 mW). Data analyses were performed following our previous protocol (Park et al., 2020). Phagocytic ability was measured as the percent of phagocytic cells in total cells while phagocytic capacity was calculated as the mean number of particles in each phagocyte as described previously (Park et al., 2020).



Transcriptomic Analysis

The main aim of the RNA-Seq analysis was to obtain a snapshot of the expression profiles of selected genes. To compare the expression of genes linked to the adherent cells from HK and DI, 12 libraries were prepared (n = 6). The list of selected genes used in this study is comprised of (1) 34 cell type (macrophage, dendritic cell, endothelial cell, T and B cells)-related genes and (2) 42 other immune-related (cytokines, chemokines, mucins and toll-like receptors) genes, as shown in Tables 1 and 2, respectively.


TABLE 1. List of abbreviations and details of genes expressed in macrophages, dendritic cells, endothelial cells, T and B cells.

[image: Table 1]
TABLE 2. List of abbreviations and details of genes coding for selected cytokines, chemokines, mucins, and toll-like receptors.
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RNA Isolation, Library Preparation and Illumina Sequencing

Total RNA was extracted from the adherent cells that were isolated from HK and DI (<500,000 cells) using the PicoPure RNA isolation kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. The quality and quantity of total RNA were assessed using Agilent RNA high sensitivity screen tape kits and Bioanalyzer 2200 TapeStation system (Agilent Technologies, Santa Clara, CA, United States). RNA sequencing libraries were prepared using the NEBNext Ultra II Directional RNA library preparation kit with poly (A) mRNA magnetic isolation module (NEB #E7490; New England BioLabs®, Herts, United Kingdom), according to the manufacturer’s protocol. For the first and second strand cDNA synthesis, 50 ng of total RNA having high RNA integrity number (RIN > 8) was enriched with Oligo(dT)-conjugated magnetic beads and fragmented to ∼200 nt. Thereafter, the resulting cDNA were end-repaired for adaptor ligation. The ligated cDNAs were amplified with barcoded primers on a thermal cycler for 14 cycles. The PCR products were purified using AMPure XP beads (Beckman Coulter Inc., Brea, CA, United States) to avoid contamination from residual adapter dimers and unwanted (smaller) fragments. After library preparation, the quality and quantity of individual libraries were assessed using Agilent DNA high sensitivity screen tape kits and Bioanalyzer 2200 TapeStation system. These barcoded individual libraries were pooled at equimolar ratios and sequenced as single−end reads (75 bp) on an Illumina NextSeq 500 sequencer (Illumina, San Diego, CA, United States) with NextSeq 500/550 high output v2 reagents kit (Illumina) at the sequencing facility of Nord University, Bodø, Norway.



Bioinformatics Analyses

All bioinformatics analyses of RNA-Seq data were performed as described previously by Zhang et al. (2018). The obtained raw sequencing data was deposited in the Gene Expression Omnibus (GEO, NCBI); the accession number is GSE154142. Briefly, raw sequence data were converted to FASTQ format with bcl2fastq2 (v2.17, Illumina). The adapter sequences were removed using cutadapt (version 1.12) with the following the parameters: -q 20 –quality-base = 33 -m 20 –trim-n. The quality of the trimmed fastq files (clean reads) was then assessed using FastQC (Andrews, 2010), and the reads with quality > Q30 were mapped to the Atlantic salmon genome ICSASG_v2 from RefSeq1. The mapped reads were quantified and then annotated using gff3 annotation file. The generated data was normalized using DESeq2 (Love et al., 2014), and the normalized data was used for statistical comparisons, i.e., to determine the differences in the expression of selected immune-related genes in AIC and AKC. The package, DESeq2 employs shrinkage estimation for dispersions and fold changes. The R packages ggplot2 version 3.1.1 (Wickham, 2016) were employed to prepare and format the graphs. A heatmap was prepared using the functions from the package ComplexHeatmap (Gu, 2015).



Statistical Analyses

Statistical analysis was performed using RStudio version 1.1.463. Normality of the flow cytometry and gene expression data was tested by Shapiro-Wilk Test, and the assumption of equal variance was checked by Bartlett’s Test. Comparisons between groups were performed using unpaired Student’s t-test. The differences were considered significant at p < 0.05.



RESULTS


Diverse Cells Among Salmon Distal Intestine Cell Population

We explored the cell populations from salmon DI by employing IFC. After dead cell exclusion, approximately 90% of viable cells (negative for PI) were obtained; shown in a BF area (cell size) vs. SSC intensity (cell granularity) plot (Figure 1A). Because we have already revealed the identity of the HK cell population in our previous study (Park et al., 2020) here we show only the DI cell population in Figure 1. The gating strategy that was developed previously by Park et al. (2020) was employed for DI cell populations (Figure 1A: LYM, lymphocyte; MON, monocyte/macrophage; R1, macrophage-like cells). Nucleus morphologies were revealed through PI staining (Figures 1B,C). Only PI negative live cells (Figure 1B) were considered for the gating shown in Figure 1A; cells in the gates LYM, MON, and R1 had spherical and fairly rigid nuclei while those in the gate R2 had relatively smaller and different shaped nuclei. We found that there are diverse cells in the isolated salmon DI cell population. A representative image of the DI cell images from among 6 images captured (to confirm the quality of the harvested DI cells) by the fluorescent imager is shown in Figure 1D.
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FIGURE 1. Cell populations from Atlantic salmon distal intestine. (A) Live cells are shown in a brightfield (BF) area (cell size) vs. side scatter (SSC) intensity plot (cell granularity). Representative images (40 × objective, scale bar = 10 μm) from each gate are shown separately. Intestinal cells were identified based on nucleus morphologies. Using propidium iodide, live or no-stained cells (B) and dead or nucleus-stained cells (C) are shown. (D) A representative image captured by fluorescent imager (20 × objective, scale bar = 25 μm) shows salmon intestinal cell population. LYM, lymphocytes; MON, monocytes/macrophages; R, region: R1, macrophage-like cells; R2, unknown cells; R2-1, R2-2, presumptive granulocytes; R2-3, presumptive vacuolated cells.




Adherent Cells From Salmon Distal Intestine Exhibit Phagocytic Ability

The cell populations − whole leukocytes (HKL and DIL, respectively), supernatants (HS and DS, respectively) and adherent cells (AKC and AIC, respectively) − from three cell suspensions from HK or DI are shown in Figures 2A–C and Figures 2E–G, respectively. The reference AKC had macrophage population, located in higher BF area and higher SSC intensity compared to those of head kidney supernatant-derived cells (HS, red gates; Figures 2B–D). In the DI cells, the cell populations were more scattered, as evident in the dotplot (considering the BF area values). However, AIC apparently had a lower percentage of the cells in the gated area compared to those of distal intestine supernatant-derived cells (DS, red gates; Figures 2F–H).


[image: image]

FIGURE 2. Examination of adherent cell population from Atlantic salmon head kidney and distal intestine by imaging flow cytometry. We compared cell populations from three cell suspensions; (A and E) whole leukocytes (HKL and DIL, respectively), (B and F) supernatants (HS and DS, respectively) and (C and G) adherent cells (AKC and AIC, respectively) in a brightfield (BF) area (cell size) vs. side scatter (SSC) intensity plot (cell granularity) using IFC. The bar plots (D and H) indicate percent of the cells in the red gates in supernatants (B and F) vs. those in adherent cells (C and G, respectively). Statistically significant differences (p < 0.001) are indicated using asterisks. Bar plots show the mean ± SD (n = 6).


To compare the phagocytic activity of whole leukocytes and adherent cells from HK (Figures 3A–C) and DI (Figures 4A–C), we quantified the uptake of E. coli BioParticlesTM by the cells (Park et al., 2020). The phagocytic abilities of AKC and AIC were significantly higher than those of HKL and DIL (Figures 3A, 4A), respectively. The phagocytes from AIC had different morphologies compared to AKC (Figures 3C, 4C). Among AICs, along with single and round shaped phagocytes, we found oval shaped (5.69% of total phagocytes, Figure 4D) and doublets consisting of a phagocytic cell and an interacting cell (1.15% of total phagocytes, Figure 4E).


[image: image]

FIGURE 3. Phagocytic activity of whole leukocytes and adherent cells from Atlantic salmon head kidney. Percent of phagocytic cells or phagocytic ability (A) and mean number of bio-particles (BP) ingested per phagocytic cell or phagocytic capacity (B) are shown. (C) Representative cell images show cells with no BP, and 1BP, 2BP, and >3BP. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD (n = 6). All cell images were captured with 40 × objective. Scale bar = 10 μm. BF, brightfield; 1 BP, 2 BP, and > 3 BP, 1–3 internalized bio-particles.



[image: image]

FIGURE 4. Phagocytic activity of whole leukocytes and adherent cells from Atlantic salmon distal intestine. Percent of phagocytic cells or phagocytic ability (A) and mean number of bio-particles (BP) ingested per phagocytic cell or phagocytic capacity (B) are shown. (C) Representative cell images show cells with no BP, and 1BP, 2BP, and >3BP. Statistically significant differences (p < 0.05) are indicated using asterisks. In addition, oval shaped phagocytes (D) and doublets containing a phagocyte that interacts with a lymphocyte-like cell (E) were found among the adherent intestinal cells. Bar plots show the mean ± SD (n = 6). All cell images were captured with 40 × objective. Scale bar = 10 μm. BF, brightfield; 1 BP, 2 BP, and >3 BP, 1–3 internalized bio-particles.




Adherent Cells From Distal Intestine of Salmon Express Macrophage and Immune-Related Genes

To understand the identity of cell types in AIC, the expression of selected genes in AIC was compared with those of AKC. We obtained over 312 million cleaned reads from 12 (6 from AIC and 6 from AKC) samples after adapter trimming and quality filtering. Of them, over 285 million reads were mapped to Atlantic salmon genome. Average mapping percentage among samples was 91.36% (Supplementary Table 1). The dispersion of the genes decreased with increase in mean of normalized counts (Supplementary Figure 1).

Employing the normalized read counts from DESeq2 analyses, we describe the expression of 34 cell-specific (macrophage, dendritic cell, endothelial cell, T and B cells) genes and 42 immune-related (cytokines, chemokines, mucins and toll-like receptors) genes in AIC compared to AKC. Lack of appropriate cell markers and unavailability of easy intestinal cell isolation techniques hamper the characterization of adherent cells. Therefore, we adopted the targeted analysis strategy to delineate the cell types by linking them to known genes.

The expression of 34 genes associated with macrophages, dendritic cells (DC), endothelial cells, T and B cells in AIC were compared to those in AKC (Figures 5, 6). Among the 9 macrophage-related genes, the expression of 8 genes (h2-eb1, cd74, cd68, marco, capg, mpeg1, cd200r1, and csf1r) was significantly lower in AIC compared to AKC (Figure 5A). As for the DC specific genes (Figure 5B), AIC had significantly lower expression of cd209 and cd83 than those of AKC. As for the endothelial cell-related genes, the expression of ecscr and cd151l was significantly higher in AIC than in AKC though this was not the case for the pecam gene (Figure 5C).
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FIGURE 5. The expression of genes linked to macrophages, dendritic cells and endothelial cells in the adherent cells from Atlantic salmon distal intestine and head kidney. Employing the normalized read counts from DESeq2 analyses, the expression of genes related to macrophages (A), dendritic cells (B) and endothelial cells (C) were determined, and the expression levels between the adherent cells from salmon distal intestine (AIC) and head kidney (AKC) were compared. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD. Sample size = 6.
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FIGURE 6. The expression of genes related to T and B cells in the adherent cells from Atlantic salmon distal intestine and head kidney. Employing the normalized read counts from DESeq2 analyses, the expression of T (A) and B cells (B) associated genes in the adherent cells from salmon distal intestine (AIC) and head kidney (AKC) were compared. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD (n = 6).


Regarding the T and B cell-specific gene profile (Figure 6), AIC had significantly higher expression of most T cell-related genes (cd96, tagap, cd3gda, cd8b, cd8a, cd6l, cd42al, cd28, trbc1, cd2l, and trgc2), but significantly lower expression of B cell-related genes (igm, blnk, and cd79a).

The expression of 21 immune-related cytokine genes were also considered for the AIC vs. AKC comparisons (Figure 7). AIC had significantly lower expression of interleukin 1 and 6 receptors (il1rap and il6r) while the expression of tumor necrosis factor (TNF)-related genes (tnfrsf10a, tnfsf11, traf2, and tnfrsf6b) was significantly higher. Among the transforming growth factor (TGF)-related genes, the expression of TGFβ receptors (tgfbr1 and tgfbr2) were significantly higher, while the expression of TGFβ activated kinase binding protein (tab2) was significantly lower in AIC.
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FIGURE 7. The expression of cytokine-related genes in the adherent cells from Atlantic salmon distal intestine and head kidney. Employing the normalized read counts from DESeq2 analyses, the expression of cytokine-related genes in the adherent cells from salmon distal intestine (AIC) and head kidney (AKC) were compared. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD (n = 6).


Twelve immune-related genes of chemokines were also studied in AIC and AKC (Figure 8A). The expression levels of ccr9l, ccl20l, ccr6l, and ccr5l were significantly higher, while the expression of, cxcr3l, ccr3, ccl25, cxcr4l, cxcr1l, and cxcr5l was significantly lower in AIC.
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FIGURE 8. The expression of genes related to chemokines, mucins and toll-like receptors in the adherent cells from Atlantic salmon distal intestine and head kidney. Employing the normalized read counts from DESeq2 analyses, the expression of genes related to chemokines (A), mucins (B) and toll-like receptors (C) in the adherent cells from salmon distal intestine (AIC) and head kidney (AKC) were compared. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD (n = 6).


The expression of 9 immune-related genes for mucin and toll-like receptor (TLR) were also compared to understand the differences in AIC and AKC (Figures 8B,C). Mucin-related genes (muc13l, muc1, cd164l2, and muc5acl) were mainly expressed in AIC but several TLR genes (tlr13, tlr8, tlr2 and tlr6) were not predominantly expressed in AIC.

Hierarchical clustering-based heatmap along with the boxplot annotation shown in Figure 9 reveals the gene profiles associated with AIC and AKC. Although the expression of the genes associated with AKC macrophages was significantly higher than those of AIC, both showed predominantly higher expression of the macrophage-specific genes than those of other cell types such as T and B cells.
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FIGURE 9. Heatmap of the expression of selected genes in the adherent cells from Atlantic salmon distal intestine and head kidney. Box plots indicate the expression of genes related to macrophages, dendritic cells, endothelial cells, T and B cells. The color gradient from light yellow to dark red in the heatmap indicates increasing transcript levels.




DISCUSSION

The intestine has a key role in sustaining the health of fishes. Various cells in the intestine act in harmony to maintain the local (Okumura and Takeda, 2016) as well as systemic homeostasis (Biteau et al., 2011; Ramakrishnan et al., 2019). Of these cells, the GALT cells are imperative in responding to antigens, both benign and pathogenic. The immune cells that are developed in the main lymphoid site enter the circulation, and along with the GALT cells they surveil the host immune status. In the present study, we obtained leukocytes from DI and HK of Atlantic salmon and then separated the adherent cells from the two cell populations.

Employing IFC, we examined the phagocytic activity of the adherent intestine cells and compared it with those of adherent head kidney cells. We also examined the expression of immunologically relevant genes through RNA-Seq of the cells from the two key immune organs of Atlantic salmon.

AIC had distinct cell population; the cells were less diverse than the whole leukocyte population. Other researchers were also able to isolate cells from the intestine of Atlantic salmon (Attaya et al., 2018) and gilthead seabream (Salinas et al., 2007), but they did not specifically examine adherent cells. The major phagocytes in vertebrates are neutrophils, monocytes, macrophages, mast cells, and immature dendritic cells (Robinson and Babcock, 1998). In the present study, we confirmed the phagocytic ability of AIC, which had different shapes compared with those of AKC. Unlike monocyte-derived macrophages which have mainly stretched shapes, the AIC appeared larger and rounded as shown in a mice study (Vereyken et al., 2011). Rombout et al. (1998) reported that the carp intestinal cells are diverse compared to the cells from other immunological tissues such as spleen and head kidney. In addition to many round-shaped cells, the oval shaped phagocytes, similar to the ones we observed, are reported as endothelial cells in mammals, and they were shown to have the ability to internalize pathogenic bacteria (Rengarajan et al., 2016). Furthermore, Lindell et al. (2012) showed that oval-shaped skin epithelial cells in trout can perform phagocytosis of Vibrio anguillarum. However, their identity has to be validated by employing specific cell markers. As for the doublets in the adherent cells, the phagocytes in them resembled macrophage-like cells (R1, Figure 1A) while the interacting small cells had a morphology similar to that of lymphocytes. A study that investigated mouse intestinal cells using imaging flow cytometry (Zhao et al., 2014) indicated that similar doublets consisted of CD103+ intestinal dendritic cells and CD4+ T cells. From our results, we infer that the oval-shaped cells similar to endothelial cells or epithelial cells with phagocytic ability may have special roles in mucosal immune system. In addition, the presence of the doublets indicates the interaction between phagocytes and lymphocyte-like cells that cooperate with them in immune defense.

In the present study, considering the phagocytic ability and high expression levels of macrophage genes in AIC we presume that majority of cell types in AIC are macrophages. Salmon macrophages can be effectively harvested after culturing adherent cells from HK (Paulsen et al., 2001). The presence of macrophages in adherent cells from fish intestine and their phagocytic properties have not been reported yet. In the present study, high levels of TNF-related genes (tnfrsf10a, tnfsf11, traf2 and tnfsf6b) and TGFβ receptors (tgfbr1 and tgfbr2) in AIC can be linked to activation and proliferation of macrophages (Luckett-Chastain et al., 2016; Yu et al., 2017) and T cells (McKarns and Schwartz, 2005; Mehta et al., 2018) while high levels of il1 and il6 in AKC can be linked to the classical activation of macrophages (Luckett-Chastain et al., 2016). We have also found that the expression of eight macrophage-related genes (h2-eb1, cd74, cd68, marco, capg, mpeg1, cd200r1, and csf1r) was highest in AIC among selected cell type linked genes (Figure 9) although the expression in AKC was significantly higher than those of AIC (Figure 5). Our results are in agreement with another HK transcriptomic study; carp HK macrophage-like cells had higher expression of cd68 and mcsfr compared to those of HK leukocytes (Hu et al., 2018). Furthermore, a study conducted by Jenberie et al. (2018) revealed the higher expressions of csf1r and marco in HK macrophage-like cells. Another salmon study indicated the higher expression of MHCIIβ in the adherent cells from the head kidney (Iliev et al., 2019), and we found that the expression of h2-eb1 gene was higher in AKC. This gene in association with MHC class II plays a role in the processing and presentation of antigens (Adamus et al., 2012), and teleost mucosa has major T cells receptors (TCR) such as TCRαβ and TCRγδ, and their respective co-receptors, namely CD4 and CD8, which facilitate antigen recognition (Toda et al., 2011). The presence of T cells in fish intestine was reported years ago by Rombout et al. (1998). Another study (Romano et al., 2007) also indicated the abundance of T cells and TCRβ+ lymphocytes in the posterior intestine and mid-intestine of seabass, respectively. In addition, CD3ε+ cells are abundant in salmonid immune organs including intestine (Koppang et al., 2010). Our results about the higher expression of T cell-related genes and h2-eb1 in AIC and the doublets could be pointing to the cooperation between the adherent cell populations. AIC had higher expression of chemokines, probably those related to T cells. Furthermore, three chemokines (ccr9l, ccl20l, and ccr6l) were dominantly expressed in AIC. It has been reported that mammalian CD4+ T cells express ccr9 (Cosorich et al., 2019) while ccl20 and ccr6 are expressed on CD8+ T cell (Kondo et al., 2007; Kish, 2015). The chemokines that are highly expressed in AKC are related to macrophage activation: teleost macrophage-like cells express cxcr3l (Lu et al., 2017), ccl25 (Aquilino et al., 2016) and cxcr4l (Chia et al., 2018) while mammalian macrophages express ccr3 (Park et al., 1999). In present study, higher expression levels of ccr9l, ccl20l, and ccr6l may be indicating the presence of T cells in AIC. Furthermore, considering our hypothesis that the adherent cells could be mainly phagocytes, the expression of T cell-related genes in the intestine could be suggestive of their critical role in mucosal immune system. A study on zebrafish (Wan et al., 2017) showed that γδ T cells which are generally abundant in the intestinal epithelium have potent phagocytic ability. In addition, the phagocytic activity of AIC and the finding of a previous study on the ability of oval-shaped mammalian endothelial cells to internalize pathogens (Rengarajan et al., 2016) likely indicate the phagocytic property of endothelial cells in AIC. We found that AIC had significantly higher expression of endothelial genes (ecscr and cd151l) while AKC had higher expression of pecam gene. Both ecscr and cd151 are known as general signatures of mammalian endothelial cells (Verma et al., 2010; Yang et al., 2017) though they have not yet been reported in fish. On the other hand, pecam (or cd31) is a gene associated with endothelial cell adhesion molecule and it was highly expressed within blood vascular compartment (Privratsky and Newman, 2014). Furthermore, the presence of the mucin-like receptor, cd164 could be an indication of the ability of certain cells in AIC to adhere to endothelial cells (Havens et al., 2006).

In summary, employing IFC and transcriptomics, we were able to characterize the adherent cell populations from DI, based on the genes reported as specific to certain cell types. AIC had different-shaped phagocytes and expressed genes associated with macrophages, T cells, and endothelial-like cells. Overall (selected) gene profiles show that AIC predominantly express macrophage-related genes. Further investigation on the transcriptomic responses of the intestinal cells to different antigens will help to expand our understanding of their crosstalk at the mucosal surfaces in teleosts.
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Age-related macular degeneration (AMD) represents the most common cause of blindness in the elderly in the Western world. An impairment of the outer blood-retina barrier and a localized inflammatory microenvironment cause sprouting of choroidal neovascular membranes (CNV) in neovascular AMD that are in intimate contact with surrounding myeloid cells, such as retinal microglia, and ultimately lead to visual impairment. The discovery of novel target molecules to interfere with angiogenesis and inflammation is vital for future treatment approaches in AMD patients. To explore the transcriptional profile and the function of retinal microglia at sites of CNV, we performed a comprehensive RNA-seq analysis of retinal microglia in the mouse model of laser-induced choroidal neovascularization (mCNV). Here, we identified the angiogenic factor Osteopontin (Opn), also known as “secreted phosphoprotein 1” (Spp1), as one of the most highly expressed genes in retinal microglia in the course of CNV formation. We confirmed the presence of SPP1 at the lesion site in recruited retinal microglia in Cx3cr1CreER:Rosa26-tdTomato reporter mice by confocal microscopy and in whole retinal tissue lysates by ELISA highlighting a massive local production of SPP1. Inhibition of SPP1 by intravitreal injection of an anti-SPP1 antibody significantly increased the lesion size compared to IgG-treated control eyes. In line with our results in rodents, we found an increased SPP1 mRNA expression in surgically extracted human choroidal neovascular (hCNV) membranes by the quantitative RNA-seq approach of massive analysis of cDNA ends (MACE). Numerous IBA1+SPP1+ myeloid cells were detected in human CNV membranes. Taken together, these results highlight the importance of SPP1 in the formation of CNV and potentially offer new opportunities for therapeutic intervention by modulating the SPP1 pathway.

Keywords: AMD, CNV, Osteopontin, OPN, SPP1, microglia, Cx3cr1CreERT2


HIGHLIGHTS

- Spp1 emerges as one of the top differentially regulated angiogenic genes in murine microglia in the model of laser-induced CNV.

- SPP1 protein expression is highly increased in CNV tissue and present in retinal microglia.

- Scavenging of SPP1 by an anti-SPP1 antibody leads to increased lesion size in CNV.

- SPP1 expression is highly induced in surgically extracted human choroidal neovascularization membranes on both RNA and protein levels.



INTRODUCTION

Microglia represent the resident tissue-macrophages of the retina and the brain and originate from the extra-embryonic yolk sac early during development (Ginhoux et al., 2010; Kierdorf et al., 2013; Goldmann et al., 2016; O'Koren et al., 2019; Wieghofer et al., in press). In the context of neurodegeneration, neuroinflammation, or other insults, the composition as well as the gene and protein expression signatures of myeloid cells can dramatically change (Ajami et al., 2018; O'Koren et al., 2019; Wieghofer et al., in press). These changes include microglia activation leading to relevant functional alterations. The mode of action can thereby be beneficial but also detrimental depending on the disease model affecting microglia in the brain or retina (Reyes et al., 2017; Masuda et al., 2020).

Choroidal neovascularisation (CNV) is a common cause of irreversible vision loss in patients with age-related macular degeneration (AMD), which is the leading cause of blindness in the elderly (Fine et al., 2000). In a previous study, we showed that myeloid cells represent a heterogeneous cell population that accumulates at sites of CNV and modulates its formation in a laser-induced CNV mouse model, which is a widely used model for nAMD (Lambert et al., 2013; Wieghofer et al., in press). The close interplay between myeloid cells and blood vessel formation has been extensively studied in the past; however, the origin of accumulating myeloid cells in this model has long remained unclear (Oh et al., 1999; Fantin et al., 2010; Dejda et al., 2016; Usui-Ouchi et al., 2020). Recently we have shown that retinal microglia are the dominant innate immune cell population at sites of CNV and are characterized by a specific disease-associated gene expression signature similar to other disease models, including Spp1 encoding the secreted phosphoprotein 1 (SPP1), Lgals3 (lectin, galactose binding, soluble 3), and Apoe (Apolipoprotein E) (Keren-Shaul et al., 2017; O'Koren et al., 2019; Wieghofer et al., in press). In particular, the role of secreted SPP1 in vascular diseases and its potential to serve as an easily accessible biomarker present in blood serum and other body fluids has gained attention recently (Lok and Lyle, 2019). SPP1 is a multifaceted protein involved in homeostatic functions and pathophysiological processes like bone morphogenesis, vascular remodeling, recruitment of leukocytes, cell adhesion, and extracellullar matrix remodeling (Lok and Lyle, 2019). The broad spectrum of features is reflected by the cell types expressing SPP1 including leukocytes, epithelial and endothelial cells, and neurons in humans (Kunii et al., 2009).

As a matricellular cytokine SPP1 binds to integrin receptors, like αV integrins, and certain splice variants of the hyaluronic acid receptor CD44, which are expressed by endothelial cells (Lok and Lyle, 2019). The angiogenic capacity combined with its potential to shape myeloid cell recruitment highlights SPP1 as a promising target in vascular diseases (Yu et al., 2017; Lok and Lyle, 2019).

The goal of our study was to explore gene expression signatures of native and CNV-associated retinal microglia by comprehensive bulk RNA-seq. Furthermore, we investigated the role of SPP1 in CNV formation by local intraocular application of an antibody directed against SPP1. Finally, we correlated our findings in mice to human CNV samples from nAMD patients. Our results underline the importance of SPP1 in the formation of CNV in mice and humans, thus paving the way for new therapeutic interventions by modulating the SPP1 pathway.



RESULTS


Identification of the Angiogenic Spp1 Gene in Experimental Choroidal Neovascularization

To gain more insight into the transcriptional profile and angiogenic capacity of microglia during development of experimental choroidal neovascularization, we conducted bulk RNA-seq of flow cytometry-isolated CD45loCD11b+CX3CR1+Ly6C−Ly6G− retinal microglia at CNV d3 (Figure 1A). The principal component analysis clearly showed distinct gene expression patterns between the lasered group 3 days after experimental laser treatment and unlasered control mice (Figure 1B). Next, we determined the differentially expressed genes (DEG) between CNV-associated MG and control microglia and found that 654 DEG were significantly increased in microglia in association with CNV formation. Among the top five DEG increased in CNV-associated MG were Fn1 (log2FC = 9.8, padj. = 2.9 × 10−15), Spp1 (log2FC = 6.6, padj = 3.8 × 10−25), Ifi27I2a (log2FC = 2.9, padj = 7.7 × 10−8), Cd74 (log2FC = 2.7, padj = 7.9 × 10−7), and Cd72 (log2FC= 2.4, padj = 2.2 × 10−24) (Figures 1C,D). Also Apoe (log2FC = 1.7, padj = 3.3 × 10−12) was significantly upregulated and is an important regulator for the transition into disease-associated microglia (Song and Colonna, 2018). In addition, genes typically expressed by antigen-presenting cells, such as H2-Ab1 (log2FC = 2.1, padj = 9.3 × 10−6) and Cd74, or involved in interferon signaling, like Ifitm3 (log2FC = 1.59, padj = 0.005) and Ifi27I2a, were present among the upregulated genes in CNV (Figures 1C,D). To identify functionally associated genes, we performed a gene ontology (GO) analysis and found genes relevant for the biological processes “myeloid leukocyte migration,” “extracellular matrix binding,” and “tissue remodeling” (Figure 1E). These genes include Ccl2 (log2FC = 2.5, padj = 4.2 × 10−7) encoding a chemokine attracting peripheral blood monocytes and Lgals3 (log2FC = 3.1, padj = 8.2 × 10−10) that has been described in disease-associated microglia and is responsible for interaction with the extracellular matrix (O'Koren et al., 2019; Boeck et al., 2020) (Figure 1D). Nevertheless, besides its known role in angiogenesis, Spp1 was also the most highly expressed gene within all three biological processes GO terms, which prompted us to investigate its role in further detail (Figure 1E).
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FIGURE 1. Expression of secreted phosphoprotein 1 increases upon experimental induction of choroidal neovascularization in mice. (A) Experimental scheme depicting the workflow for isolation of viable and single CD45loCD11b+CX3CR1+Ly6C−Ly6G− cells from the retina under healthy conditions and experimental choroidal neovascularization at d3 after induction for unbiased RNA-seq. Six focal argon laser burns were applied to each retina to induce microglia activation and subsequent choroidal neovascularization formation in mice (mCNV). (B) Principal component analysis of transcripts analyzed by RNA-seq. (C) Scatter plot using the log2 transformation of normalized counts visualizing differentially expressed genes between healthy conditions (y-axis) and experimental choroidal neovascularization on d3 after laser treatment (x-axis). The top 10 highest expressed genes are labeled. Definition of differentially expressed genes: abs(log2FC) > 1.5 & padjusted < 0.05. (D) Heatmap of the top 10 differentially expressed genes between healthy conditions and experimental choroidal neovascularization on d3 after laser treatment according to the mean expression in the laser group. The z-score represents the gene expression in relation to its mean expression by standard deviation units (red: upregulation, blue: downregulation). (E) Box plots illustrating the top five factors of the most disease-relevant GO terms ordered according to the mean expression in the laser group.




Validation and Interference With SPP1 on the Protein Level in CNV Mice

To validate the expression of SPP1 protein we used conditional Cx3cr1CreER:Rosa26-tdTomato reporter mice to specifically label microglia in the CNV model (Goldmann et al., 2013; Wieghofer et al., 2015, in press). Eight weeks after Tamoxifen treatment to induce Tomato expression in retinal microglia, mice were laser-treated to induce CNV (d0) and sacrificed 3 days later for immunofluorescent staining and confocal imaging (Figures 2A,B). Here, we found numerous Tomato+ microglia cells expressing SPP1 and exhibiting an amoeboid appearance, which indicates an activated phenotype in contrast to their ramified state under homeostatic conditions (Figure 2B). Tomato−SPP1+ cells were present indicating that other cell types than microglia are also involved in CNV formation. In accordance with our RNA-seq data, a strong increase of SPP1 protein in whole CNV tissue was detectable by ELISA (CNV: 62.30 ± 6.90, control: 6.00 ± 2.03, p < 0.0001) (Figure 2C). These findings prompted us to inhibit SPP1 in the course of CNV development by an intravitreal administration of an anti-SPP1 antibody 1 day after CNV laser-induction. The contralateral eyes were treated with an IgG control (Figure 2D). The increase in lesion size was clearly visible over time by funduscopic imaging and showed severely enhanced vascular leakage under anti-SPP1 treatment visualized by angiography (Figure 2E). The quantification of the lesion size based on Collagen IV immunoreactivity revealed a more than 2-fold increase of the lesioned area (2.25 ± 1.05, p = 0.0004) in eyes treated with anti-SPP1 compared to IgG controls. Consequently, the intraocular application of anti-SPP1 antibodies suggested a protective, anti-angiogenic function of SPP1 during CNV formation (Figure 2E).
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FIGURE 2. Interference with SPP1 on protein level changes the outcome of experimental choroidal neovascularization. (A) Experimental scheme. Six weeks old Cx3cr1CreER:Rosa26-tdTomato mice were exposed to TAM to induce microglia-specific Tomato labeling. Eight weeks later three focal argon laser burns were applied to each retina to induce microglia activation and subsequent choroidal neovascularization (mCNV). Mice were sacrificed at CNV d3 for immunofluorescence stainings. (B) Representative immunofluorescence images for collagen IV (white), Tomato (red), and SPP1 (green) in Cx3cr1CreER:Rosa26-tdTomato mice on d3 after CNV induction. Arrows point to a Tomato+SPP1+ rMG while asterisks indicate a Tomato+SPP1− rMG. Representative pictures of seven mice out of two independent experiments are displayed. (C) SPP1 levels in lesioned RPE tissue (mCNV) of wildtype mice compared to untreated controls d3 after CNV induction as measured by ELISA (control: n = 7, CNV: n = 8 from two independent experiments). Bars represent means ± s.e.m. ***p < 0.0001, Unpaired t-test. (D) Experimental scheme. Choroidal neovascularization was laser induced at day 0 (d0) in Cx3cr1GFP/+ mice. At d1, 50 ng anti-SPP1 (dissolved in 1 μL PBS injection volume) was injected intravitreally into one eye and the same amount of IgG control antibody (again dissolved in PBS) into the contralateral eye. Mice were sacrificed at d7 after evaluation of fundus and fluorescence angiography. (E) Exemplary funduscopic image of lesions directly after laser burn-induced mCNV at day 0 (left) and d7 (right) under treatment with IgG control (top row) or anti-SPP1 antibody (bottom row). Fluorescence angiography indicates leakage of intraperitoneally applied Fluorescein. Representative Imaris reconstruction of collagen IV immunoreactivity and corresponding quantification of CNV size in mice that underwent laser treatment and subsequent injection of either anti-SPP1 into the left eye (squares) or IgG isotype controls into the right eye (circles). Each symbol represents the mean lesion size within one eye of one mouse, based on Collagen IV area of individual lesions imaged by confocal microscopy and normalized to the IgG control. Corresponding values from left and right eye are displayed as pairs. Bar graphs represent the overall mean value of seven mice in total. All values were normalized to the IgG control mean value. Bars represent mean ± s.e.m. ***p < 0.001, ratio paired t-test.




SPP1 Expression in Mice Can Be Linked to Human Neovascular AMD

To generalize our findings, we next explored the expression of SPP1 in human CNV by conducting a post-hoc analysis of already available RNA-seq data from surgically extracted human membranes of choroidal neovascularization (hCNV) (Figure 3A) (Schlecht et al., 2020). Interestingly, also in human CNV, SPP1 was one of the most prominent upregulated angiogenic genes when compared to healthy controls (CNV: 18.41 ± 11.38 reads, controls: 0.70 ± 0.64 reads, padj = 0.019) (Figure 3B). Next, we investigated the expression of SPP1 protein in human body donor tissue as compared to human CNV membranes by immunofluorescence (Figure 3C). In retinal IBA1+ microglia, SPP1 was barely detectable in healthy control tissue, which is in line with previous studies (Masuda et al., 2019) (Figure 3C). Only in the choroid, a faint staining for SPP1 was observed in IBA1+ macrophages, whereas in CNV tissue a strong expression of SPP1 was detected in IBA1+ cells. Non-myeloid IBA1−SPP1+ cells were also present at the site of the lesion, similar to our findings in mice (Figures 2B, 3C). Overall, we found comparable expression of SPP1 RNA and SPP1 protein in both murine and human tissue samples, suggesting a functional relevance of the molecule in CNV formation.
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FIGURE 3. Quantitative RNA-seq analysis and immunofluorescence reveal the presence of SPP1 in human CNV tissue. (A) Experimental scheme. RNA was extracted from formalin-fixed and paraffin-embedded human healthy choroid and CNV membranes for massive analysis of cDNA ends (MACE) RNA-seq analysis. Retinal pigment epithelium is abbreviated with RPE. (B) SPP1 expression was quantified by RNA-seq (MACE) in four control samples and four CNV membranes (p = 0.019). Bars represent mean ± s.e.m. (C) Immunofluorescence for DAPI (white), SPP1 (green), and IBA1 (red) in the retina and RPE/choroid of one body donor and in a CNV membrane of a patient diagnosed with neovascular age-related macular degeneration. IBA1+SPP1+ macrophages (arrow) could be found in both healthy RPE/choroid and CNV membranes in line with the RNA-seq (MACE) results, next to IBA1+SPP1− macrophages (asterisk). Arrowheads point to IBA1−SPP1+ cells. Dashed white squares indicate the region of interest shown as magnifications on the right side. The layering is indicated for the inner and outer plexiform layer (IPL, OPL), inner and outer nuclear layer (INL, ONL), retinal pigment epithelium (RPE), and choroid.





DISCUSSION

Retinal microglia cells are key players in the modulation of disease course and severity across disease models including retinal degeneration, diabetic retinopathy, retinal light damage, and CNV (O'Koren et al., 2019; Van Hove et al., 2020; Wieghofer et al., in press). The concept of disease-associated microglia (DAM), initially introduced for brain disease models involving microglia activation, was recently successfully applied to retinal microglia (Keren-Shaul et al., 2017; O'Koren et al., 2019; Wieghofer et al., in press).

Single-cell RNA-seq (scRNA-seq) of fresh tissue samples is advantageous to characterize subtypes of all kinds of cell types. However, fresh human CNV tissue is not available as surgical CNV extraction became obsolete due to novel treatment strategies and archived samples are not amenable to scRNA-seq preparation (Masuda et al., 2019, 2020; Schlecht et al., 2020). To compare gene expression signatures across species, we applied bulk RNA-seq approaches on experimentally induced murine and archived human choroidal neovascularization tissue samples.

Gene expression profiling of retinal microglia by RNA-seq revealed a CNV-associated phenotype clearly distinguishable from the profile of retinal microglia in untreated control mice. Significant changes were observed for transcripts functionally relevant in fibrosis (Fn1), antigen-presentation (Cd74, H2-Ab1), myeloid cell migration (Cd74, Ccl2, Lgals3), phagocytosis (Lgals3), and inflammation (Ifi27I2a, Ifitm3, Lgals3). With regard to antigen presentation, we recently demonstrated that Cd74 is not expressed in retinal microglia under homeostatic conditions but induced together with H2-Aa, encoding MHCII, upon CNV induction, which is in line with the present study (Wieghofer et al., in press). Of note, the induced expression of MHCII (H2-Aa) was also confirmed on the protein level in mice and in human CNV membranes (Wieghofer et al., in press). The observed increase of Apoe expression further supports the induction of the DAM gene expression signature mediated by binding to the triggering receptor of myeloid cells 2 (TREM2), like it was shown in the brain (Song and Colonna, 2018). Furthermore, Apoe was highly expressed in DAM in a model of retinal light damage and, most importantly, in mononuclear phagocytes in the subretinal space in AMD patients (Levy et al., 2015a,b; O'Koren et al., 2019). In another study, SPP1 was found to be key for the promotion of macrophage survival in the subretinal space in the CNV model (Beguier et al., 2020).

The highly significant induction of Spp1 in retinal microglia points to this gene as a key mediator of CNV pathology, which could be functionally associated with three major hallmarks of the CNV model: angiogenesis, macrophage recruitment, and tissue remodeling of the extracellular matrix (Tobe et al., 1998; Lambert et al., 2013). Also in a murine model of light-induced neurodegeneration, Spp1 was highly induced in a specific microglial cluster that also expressed Lgals1 and Lgals3 as distinctive marker for subretinal DAM (O'Koren et al., 2019).

In line with previous CNV studies, the lesion size was affected by varying degrees in Spp1−/− mice or after systemic application of an antibody directed against SPP1 (Fujita et al., 2011; Ong et al., 2011; Beguier et al., 2020). In these experiments, which are based on systemic inhibition of SPP1, CNV size is decreased (Fujita et al., 2011; Ong et al., 2011), whereas in the current study, local inhibition of SPP1 by antibodies leads to larger lesions. This can be explained by several factors. The systemic inhibition of SPP1 not only leads to smaller lesions but also to severe changes in the hematopoiesis of myeloid cells in the bone marrow, which, as previously shown, is reflected by a reduced number of the monocyte-macrophage dendritic cell progenitors (MDP) (Magdaleno et al., 2018). A systemic treatment could thereby alter the overall composition of myeloid cells in the blood, finally leading to lower numbers of recruited macrophages and smaller lesions (Fujita et al., 2011). In the clinical routine an antibody against vascular endothelial growth factor (VEGF) is applied intravitreally in patients suffering from neovascular AMD to achieve high local concentration and reduce the possibility of side effects. Therefore, we administered anti-SPP1 in a more specific approach by applying it locally into the eye to minimize its influence on peripheral immune compartments. In a recent study, the same antibody was successfully applied in vivo proving its suitability and bioactivity after intravitreal injection (Beguier et al., 2020) besides its use in vitro (Hosaka et al., 2017; Hulsmans et al., 2018). Despite the same mode of application in the CNV model, anti-SPP1 was only given in combination with other factors, and the significantly differing treatment regimen with respect to dosage, time points, and frequency of applications together with a later time point of analysis after CNV does not allow a direct comparison (Beguier et al., 2020). In contrast to previous studies including CNV experiments in constitutive Spp1−/− mice, we found a more than 2-fold increase in lesion size at CNV d7 with anti-SPP1 treatment (Ong et al., 2011). Our findings support a protective function of SPP1 during CNV development that could be mediated at the level of myeloid cells but also through other sources of SPP1 (Lok and Lyle, 2019). Several studies point toward a microglia-related effect. First, this is supported by the fact that microglia were shown to be the predominant myeloid cell type at the lesion site (Wieghofer et al., in press) and their expression of SPP1 upon CNV induction, as confirmed on RNA and protein levels. Furthermore, treatment with SPP1 in vitro revealed functionally relevant changes in microglia response to external stimuli (Tambuyzer et al., 2012; Patouraux et al., 2014; Rabenstein et al., 2016). In LPS-stimulated microglia, the production of pro-inflammatory cytokines, like IL-6 and TNFα, was significantly reduced under SPP1 treatment, thereby promoting an anti-inflammatory phenotype (Rabenstein et al., 2016). In addition, the presence of SPP1 significantly improved the survival of microglia under stress conditions and increased the phagocytic activity of microglia in vitro (Tambuyzer et al., 2012; Rabenstein et al., 2016). A dose-dependent decrease in superoxide production was found, as well, which is in line with an increase of iNOS expression upon SPP1 decrease in a macrophage cell line (Tambuyzer et al., 2012; Patouraux et al., 2014). In the same study, the authors could reverse the SPP1-mediated increased proliferation rate of microglia by applying an anti-OPN antibody in vitro (Tambuyzer et al., 2012), which resembles our antibody-mediated interference with SPP1 in the experimental CNV model. Of note, secreted SPP1 stimulates macrophages to produce CCL2, which was also detected in CNV-associated retinal microglia and acts as a potent chemokine for the recruitment of peripheral myeloid cells (Rowe et al., 2014). These cells could further modulate angiogenesis but represent only a fraction of the overall myeloid cell composition dominated by microglia (Wieghofer et al., in press). However, if the aforementioned in vitro observations in microglial biology would apply to the in vivo situation, the blockage of SPP1 would have an escalating effect on the basic functions of microglia, like pro-inflammatory cytokine and production of reactive oxygen species, leading to a worsening of tissue damage at the lesion site. The availability of conditional CreERT2 deleter strains targeting microglia like the Cx3cr1CreER mouse model opens not only the possibility to label microglia specifically but also create conditional knockout mice (Droho et al., 2020; Wieghofer et al., in press). This strategy was successfully applied in the past and will decipher microglial functions in a much more specific setting in the future (Lückoff et al., 2016; Wolf et al., 2020).

Beside the observed role of microglia, we cannot completely rule out a functionally relevant effect of the anti-SPP1 treatment on other non-myeloid cells. For example, SPP1 is also expressed by endothelial and smooth muscle cells and loss of stroma-derived SPP1 led to enhanced tumor progression in mice (O'Brien et al., 1994; Szulzewsky et al., 2017). Interestingly, the interaction of a CD44v6 splice variant, acting as a receptor for SPP1, with VEGF receptor 2 (VEGFR2) on endothelial cells suggests an interference with SPP1 signaling across cell types (Tremmel et al., 2009). Furthermore, our study shows a considerable expression of SPP1 in human retinal neurons, which is consistent with findings in rat retina (Chidlow et al., 2008). Thus, an indirect effect of anti-SPP1 treatment via modulation of the SPP1 pathway in neurons cannot be excluded. RNA-seq analysis of whole human CNV membranes revealed SPP1 as one of the most highly regulated genes within the disease-relevant GO terms “extracellular structure organization” and “response to wounding,” similar to our findings in mice (Schlecht et al., 2020). Our immunofluorescent analysis revealed that SPP1 was predominantly expressed in IBA1+ mononuclear phagocytes in human CNV, which strongly resembled the situation present in the murine experimental CNV model, suggesting a highly conserved phenomenon across species. Given the increasing expression of SPP1 in human microglia with age (Sankowski et al., 2019), the SPP1 signaling pathway in MG may modulate CNV development in patients with neovascular AMD and therefore represent a therapeutic target in the future.

Taken together, this study shows that Spp1 is significantly expressed at RNA and protein level in murine and human CNV. The intravitreal application of anti-SPP1 antibodies led to increased CNV lesion size suggesting an anti-angiogenic effect of SPP1. Our results provide new insights into the biology of retinal microglia during health and CNV formation and open new avenues for the treatment of ophthalmological diseases like neovascular AMD.



MATERIALS AND METHODS


Mice

In this study, C57BL/6J mice were used as wildtype (WT) mice. All transgenic lines [Cx3cr1GFP/+, Cx3cr1CreERT2, and Rosa26-fl-stop-fl-tdTomato (Rosa26-tdTomato)] were bred on a C57BL/6J background under specific pathogen-free conditions and devoid of Crb1 (RD8) mutations. Cx3cr1CreERT2 were crossed to Rosa26-tdTomato. All animal experiments were approved by local administration and were performed in accordance with the respective national, federal, and institutional regulations.



Tamoxifen Treatment

For induction of the nuclear CreER-T2 recombinase activity in adult animals, 6–8-week-old Cx3cr1CreER mice were treated with 4 mg Tamoxifen (TAM, T5648-1G, Sigma-Aldrich, Taufkirchen, Germany) dissolved in 200 μl corn oil (Sigma-Aldrich, C8267-500 ml) and injected subcutaneously at two time points 48 h apart.



Laser-Induced Choroidal Neovascularization Model

Mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (6 mg/kg), and pupils were dilated with a combination of 0.5% tropicamide and neosynephrine-POS 5%. Corneal gel was applied to maintain hydration of the cornea and reduce media opacifications. Mice were placed in front of an argon laser (VISULAS 532s, ZEISS) after the pupils were completely dilated. A cover slip with a drop of gel was placed on the eye as a contact lens to convert the curved cornea into a planar surface. Three laser burns at equal distance from the optic disc were induced by an Argon laser with a wavelength of 532 nm, a power of 150 mW, a fixed diameter of 100 μm, and duration of 100 ms. Only burns that produced a bubble as a sign for retinal pigment epithelial rupture were included in the study. For immunohistochemical analyses, three laser burns were applied per eye. For molecular analyses (RNA sequencing and ELISA) six laser burns were applied per eye to maximize the enrichment with diseased tissue. Prior to tissue processing, the peripheral part of the retina (RNA sequencing) or choroid (ELISA) was removed with small scissors to use only the central part of the respective tissue (containing the laser lesions) for analyses. Control eyes without laser treatment were dissected in the same way. After laser treatment, mice were then placed on a pre-warmed warming plate at 35°C until they had recovered from anesthesia.



Antibody Treatment During Laser-Induced Choroidal Neovascularization

Choroidal neovascularization was laser-induced at day 0 (d0) in Cx3cr1GFP/+ mice, as described above, with the following variations (Tobe et al., 1998). At d1 mice received an intravitreal injection of 50 ng anti-SPP1 (R&D Systems, AF808) solved in 1 μL PBS in one eye, whereas the same amount of IgG control antibody was injected in the same PBS volume in the contralateral eye (Nanofil Syringe 10 μl equipped with Nanofil 34 G needle, World Precision Tools, Sarasota, USA). Mice were sacrificed at d7 after performing fundus imaging and fluorescence angiography (Fluorescein (ALCON 10%, H12588-0113) was diluted 1: 20 with 0.9% NaCl and 40 μL per 20 g mouse were injected). After enucleation, eye cups were dissected to perform a collagen IV staining for the evaluation of the lesion size in the flat-mounts. Animals with subretinal bleedings or confluent lesions were excluded from further analysis. Lesion area was normalized to the size in IgG control. Normality was given using the Kolmogorov-Smirnov-Test and a ratio paired t-test was applied.



Fluorescence Microscopy

After transcardial perfusion with phosphate-buffered saline (PBS), eyes were fixed in 4% PFA for 1 h at RT and processed, as previously described, for flatmounts (Pitulescu et al., 2010). Primary antibodies goat anti-mouse Collagen IV (Merck Millipore, MAB769, Burlington, USA) and rabbit anti-mouse SPP1 (LifeSpan Biosciences, LSBio, LS-B10122, Inc., Seattle, USA) were added overnight in a 1:500 (Collagen IV) or 1:1,000 (SPP1) dilution at 4°C (flatmount). Secondary antibody was applied in a dilution of 1:500 (Alexa Flour® 488 and Alexa Fluor® 647, Thermo Fisher Scientific, Waltham, USA) overnight at 4°C (flatmount). Images were taken using a conventional fluorescence microscope (Olympus BX-61 with a color camera [Olympus DP71]) (Olympus, Tokyo, Japan) and the confocal pictures were taken with a DMi-8 (Leica) with a 20x NA 0.75 CS2 (Leica 506517).



Protein Analysis

Proteins were isolated from choroidal tissue using RIPA buffer (R0278, Sigma) containing protease (Complete Tablets Mini, 0463159001, Roche) and phosphatase inhibitors (Phosstop, 04906845001, Roche). The amount of recovered protein was evaluated by colorimetric assay (BCA kit; Pierce, Rockford, IL). Content of SPP1 (Osteopontin) in 1.25 μg of purified protein was analyzed by using an Osteopontin Mouse ELISA Kit (Thermo Fisher Scientific) according to the manufacturer's instructions.



RNA Sequencing and Analysis

Cx3cr1GFP/+ mice were analyzed at the age of 8 weeks. For isolation of microglia, cells were stained with antibodies against CD45 (30-F11, 103133, BioLegend, San Diego, CA, USA), CD11b (M1/70, 17-0112-83, eBioscience, Thermo Fisher Scientific), Ly6C (AL-21, 45-5932-82, eBioscience, Thermo Fisher), and Ly6G (1A8, 551460, BD Pharmingen, BD Biosciences). FVD780 (eBioscience) was used to exclude dead cells. Total bulk RNA was extracted directly into RNAprotect buffer (QIAGEN, Hilden, Germany) from viable FACS-sorted CD45loCD11b+CX3CR1+Ly6C−Ly6G− retinal microglia according to the “Purification of total RNA from animal and human cells” protocol of the RNeasy Plus Micro Kit (QIAGEN). In brief, cells were stored and shipped in RNAprotect buffer at 2–8°C. After pelleting, the RNAprotect buffer was replaced by RLT Plus buffer (QIAGEN) and the samples were homogenized by vortexing for 30 s. Genomic DNA contamination was removed using gDNA Eliminator spin columns. Next, ethanol was added and the samples were applied to RNeasy MinElute spin columns followed by several wash steps. Finally, total RNA was eluted in 12 μl of nuclease free water. Purity and integrity of the RNA was assessed on the Agilent 2100 Bioanalyzer with the RNA 6000 Pico LabChip reagent set (Agilent, Palo Alto, CA, USA).

The SMARTer Ultra Low Input RNA Kit for Sequencing v4 (Clontech Laboratories, Inc., Mountain View, CA, USA) was used to generate first strand cDNA from 150 to 600 pg total-RNA. Double-stranded cDNA was amplified by LD PCR (12–14 cycles) and purified via magnetic bead clean-up. Library preparation was carried out, as described in the Illumina Nextera XT Sample Preparation Guide (Illumina, Inc., San Diego, CA, USA). Then, 150 pg of input cDNA were tagmented (tagged and fragmented) by the Nextera XT transposome. The products were purified and amplified via a limited-cycle PCR program to generate multiplexed sequencing libraries. For the PCR step 1:5 dilutions of index 1 (i7) and index 2 (i5) primers were used. The libraries were quantified using the KAPA SYBR FAST ABI Prism Library Quantification Kit (Kapa Biosystems, Inc., Woburn, MA, USA). Equimolar amounts of each library were pooled, and the pools were used for cluster generation on the cBot with the Illumina TruSeq SR Cluster Kit v3. The sequencing run was performed on an HiSeq 1000 instrument using the indexed, 50 cycles single-read (SR) protocol and the TruSeq SBS v3 Reagents according to the Illumina HiSeq 1000 System User Guide. Image analysis and base calling resulted in.bcl files, which were converted into.fastq files with the bcl2fastq v2.18 software. RNA extraction, library preparation and RNA-seq were performed at the Genomics Core Facility “KFB—Center of Excellence for Fluorescent Bioanalytics” (University of Regensburg, Regensburg, Germany).

Sequencing data were uploaded to and analyzed on the Galaxy web platform (usegalaxy.eu) (Afgan et al., 2018), as previously described (Boneva et al., 2020). Quality control was performed with FastQC Galaxy Version 0.72 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ last access on 07/30/2020). Reads were mapped to the mouse reference genome [Gencode (Frankish et al., 2019), version M25] with RNA STAR (Dobin et al., 2013) Galaxy Version 2.7.2b (default parameters) using the Gencode main annotation file [Gencod (Frankish et al., 2019), version M25]. Two BAM files for each sample (one for each flow cell) were combined in one BAM file per sample using Merge BAM files Galaxy Version 1.2.0. Reads mapped to the mouse reference genome were counted by featureCounts Galaxy Version 1.6.4 (Liao et al., 2014) (default parameters) using the aforementioned annotation file. The output of featureCounts was imported into R Studio (Version 1.2.1335, R Version 3.5.3). Gene symbols were determined based on ENSEMBL (Yates et al., 2020) release 100 (Mouse genes, download at 08/01/2020). Genes with 0 reads in all samples were removed from the analysis. After principal component analysis (Love et al., 2014), differential gene expression was analyzed using the R package DESeq2 Version 1.22.2 (default parameters) (Love et al., 2014). Transcripts with log2fold change (log2FC) > 1.5 or < −1.5 and Benjamini-Hochberg adjusted p < 0.05 were considered as differentially expressed genes (DEG). Gene enrichment analysis was performed using the R package clusterProfiler 3.10.1 (Yu et al., 2012). Heatmaps were created using the R package ComplexHeatmap 1.20.0 (Gu et al., 2016). Other data visualization was performed using the ggplot2 package (Wickham, 2009). The sequencing data are available in the Gene Expression Omnibus Database under the accession number GSE160011.



RNA Sequencing Using Massive Analysis of cDNA Ends (MACE)

Total RNA was isolated from formalin-fixed and paraffin-embedded (FFPE) sections of all specimens using the Quick-RNA FFPE Kit (Zymo Research, USA). Following a DNAse I digestion using the Baseline-ZERO kit (Epicenter, USA), the RNA concentration was measured with the Qubit RNA HS Assay Kit on a Qubit Fluorometer (Life Technologies, USA). The RNA quality was determined with the RNA Pico Sensitivity Assay on a LabChip GXII Touch (PerkinElmer, USA). The fragment size of all RNA samples ranged between 120 and 150 bp. The preparation of massive analysis of cDNA ends (MACE) libraries was carried out using 1 μg of total RNA, as previously described (Zajac et al., 2015). The barcoded libraries (four CNV membranes and four control samples) were sequenced simultaneously on the NextSeq 500 (Illumina, USA) with 1 × 75 bp. Data analysis was conducted as described above with the following modifications: Reads were mapped to the human reference genome (hg38, Galaxy built-in reference genome) with RNA STAR Galaxy Version 2.6.0b-2 6 (default parameters) using the Gencode annotation file (Gencode 31, release June 2019, downloaded on 08/05/2019, https://www.gencodegenes.org/human/releases.html). The sequencing data are available in the Gene Expression Omnibus Database under the accession number GSE146887.



Human Tissue

Whole human eyes (ciliary body melanoma) or eye tissue (CNV membrane) were acquired after an informed consent form was signed by the patients prior to surgery at the Eye Center, University Medical Center Freiburg. At the Institute of Anatomy, eyes were enucleated in consent with the body donors, secured by contract, and no data other than age, sex, and cause of death were disclosed. MACE RNA Sequencing was performed on four FFPE-treated CNV membranes extracted from patients with neovascular AMD during vitreoretinal surgery between 1992 and 1999. Four age-matched FFPE RPE-choroidal specimens were obtained from the macular region of enucleated eyes suffering from ciliary body melanoma serving as controls. The macular RPE and choroid was unaffected in these eyes as confirmed by routine histology. FFPE tissue was sliced with 7 μm thickness and placed on glass slides. For immunofluorescence, deparaffinization (15 min xylol followed by descending ethanol concentrations with 5 min per concentration [100, 96, and 70%]) was conducted, followed by adding aqua dest at room temperature and citrate buffer (pH = 6) for 2 × 5 min at 95°C. After washing 3 × 10 min with PBS TritonX 0.3% (PBS-T), blocking solution (PBS-T, 5% goat serum) was applied for 30 min at RT. Primary antibodies (IBA1, 234 013, Synaptic Systems; mouse-anti human SPP1/Osteopontin, LS-C169155, clone 7C5H12, LifeSpan BioSciences, Inc., Seattle, USA) were diluted in PBS 0.5% bovine serum albumine (BSA) for incubation overnight at 4°C. After washing with PBS-T, slides were incubated with secondary antibodies goat anti-mouse Alexa Fluor® 647 and goat anti-rabbit Alexa Fluor® 568 for 1 h at RT. After washing with aqua dest, autofluorescence was quenched with Sudan Black B (0.3% in 70% ethanol overnight stirring at 50°C, filtrated twice and incubated for 5 min at 37°C on the slides) and nuclei were counterstained with 4′,6-Diamidin-2-phenylindol (DAPI) 1:10,000 for 10 min, washed three times with aqua dest, and embedded in Fluorescence Mounting Medium (Agilent Dako).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Version 6.0, La Jolla, USA). Data were tested for normality applying the Kolmogorov–Smirnov test. If normality was given, an unpaired t-test was applied, if not indicated otherwise. If the data did not meet the criteria of normality, the Mann–Whitney test was applied. Differences were considered significant when P < 0.05.
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The innate immune system is the primary defense response to limit invading pathogens for all invertebrate species. In insects, immune cells are central to both cellular and humoral immune responses, however few genetic resources exist beyond Drosophila to study immune cell function. Therefore, the development of innovative tools that can be widely applied to a variety of insect systems is of importance to advance the study of insect immunity. Here, we have adapted the use of clodronate liposomes (CLD) to deplete phagocytic immune cells in the vinegar fly, Drosophila melanogaster, and the yellow fever mosquito, Aedes aegypti. Through microscopy and molecular techniques, we validate the depletion of phagocytic cell populations in both insect species and demonstrate the integral role of phagocytes in combating bacterial pathogens. Together, these data demonstrate the wide utility of CLD in insect systems to advance the study of phagocyte function in insect innate immunity.
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GRAPHICAL ABSTRACT. Overview of phagocyte depletion experiments using clodronate liposomes to in Drosophila melanogaster or Aedes aegypti. Created with BioRender.com.



INTRODUCTION

Insects rely on conserved cellular and humoral responses as the primary defense to invading pathogens. Immune cells, known as hemocytes, can directly participate in cellular responses such as phagocytosis and encapsulation (Lemaitre and Hoffmann, 2007; Hillyer and Strand, 2014), as well as mediate humoral signaling responses (Foley and O’Farrell, 2003; Wu et al., 2012) that limit pathogen survival. Studies in Drosophila have been aided by a wealth of genetic tools that include mutant and transgenic lines (Braun et al., 1997, 1998; Kurucz et al., 2003; Zettervall et al., 2004), as well as genetic techniques to ablate populations of plasmatocytes (Charroux and Royet, 2009; Defaye et al., 2009) that have significantly advanced our understanding of insect immune cells. However, the lack of genetic resources in non-model insect systems has severely limited studies of immune cell function. In mosquitoes, there has been a dependence on RNAi for reverse-genetic studies of hemocytes (Pinto et al., 2009; Ramirez et al., 2014; Smith et al., 2015, 2016), yet due to the absence of hemocyte markers and the systemic nature of gene-silencing, there have been significant limitations to address gene function in specific tissues or immune cell-types.

Evidence from vertebrate systems has demonstrated that chemical approaches can be utilized to target immune cells (Shek and Lukovich, 1982; Kagan and Hartmann, 1984; van Rooijen and Sanders, 1994), overcoming specific requirements for genetic tools to study immune cell function. Among these chemical approaches, clodronate liposomes (CLD) have shown the most promise and have been widely used in vertebrate systems to examine macrophage function (van Rooijen and Sanders, 1994; Lehenkari et al., 2002; van Rooijen and Hendrikx, 2010). Relying on the phagocytic properties of a subset of immune cells, CLD can be specifically delivered to macrophage populations, where after being phagocytosed they are degraded by the lysosome to promote apoptosis (van Rooijen and Sanders, 1994; van Rooijen and Hendrikx, 2010). Non-target cells lacking phagocytic abilities and lysosomal components are not affected by CLD treatment (van Rooijen and Sanders, 1994; van Rooijen and Hendrikx, 2010). This methodology has been widely applied in mammalian systems to understand autoimmune disease and macrophage contributions to infection biology (Jordan et al., 2003; Cockburn et al., 2010; Cha et al., 2015).

A recent study in mosquitoes described the use of CLD to deplete phagocytic immune cell populations in Anopheles gambiae (Kwon and Smith, 2019), demonstrating for the first time that CLD can be utilized in an invertebrate. Based on the highly conserved phagocytic properties of immune cells, the use of CLD has significant potential as a tool to study invertebrate immune function, overcoming many of the technical hurdles for non-model insect species. To further examine its applicability to insect species, in this study we examine the use of CLD to similarly investigate phagocytic immune cell function in Drosophila melanogaster and Aedes aegypti. Through these studies, we demonstrate that CLD can effectively deplete phagocytic cell populations of both species, illustrating the broad application of the use of CLD to study innate immune cell function across insects.



METHODS


Fly Stocks

Drosophila melanogaster fly stocks were maintained at 25°C on standard molasses-based fly medium (Archon Scientific). Previously described SRP-mCherry (w[1118]; P{w[ + mC] = srpHemo-3XmCherry}; stock #78358) and HeGal4-UAS-GFP (w[∗]; P{w[ + mC] = He-GAL4.Z}85, P{w[ + mC] = UAS-GFP.nls}8; stock #8700) transgenic lines (Zettervall et al., 2004; Gyoergy et al., 2018) which express fluorescent proteins under universal larval hemocyte markers were obtained from the Bloomington Stock Center.



Mosquito Rearing

Aedes aegypti (Liverpool strain) mosquitoes were reared at 27°C and 80% relative humidity with a 14:10 h light/dark period. Larvae were reared on a 50:50 diet of ground fish flakes (Tetramin, Tetra) and milk bone dog biscuits. Adults were maintained on a 10% sucrose solution. All experimental techniques were performed on cohorts of 4–6 days old adult female mosquitoes.



Phagocytic Cell Depletion Using Clodronate Liposomes

Adult flies (2–3 days old) and mosquitoes (3–5 days old) were intra-thoracically injected with 69 nl of control liposomes (LP) or CLD (Standard macrophage depletion kit, Encapsula NanoSciences LLC) using a Nanoject III injector (Drummond Scientific) as previously described (Kwon and Smith, 2019). To determine the ideal concentrations for each species to maximize CLD efficacy on phagocyte depletion while minimizing effects on survival, dilutions of commercially available stock solutions of LP (24.3 mM L-alpha-phosphatidylcholine, 10.9 mM cholesterol) and CLD (24.3 mM L-alpha-phosphatidylcholine, 10.9 mM cholesterol, 18.4 mM Clodronate [(Dichloro-phosphono-methyl)phosphonate) were prepared in 1X PBS (1 (stock), 1:2, 1:3, 1:4 (only Aedes), 1:5] and compared to 1× PBS serving as an injection control. Based on the resulting experiments, a 1:5 dilution was chosen for all subsequent experiments in Drosophila, while a 1:4 dilution of LP and CLD was used for experiments with Ae. aegypti.



Hemolymph Perfusion and Counting of Hemocytes

To evaluate the efficacy of phagocyte depletion experiments, hemolymph perfusions were performed as previously (Smith et al., 2015; Kwon et al., 2017; Kwon and Smith, 2019) using anticoagulant buffer (vol/vol 60% Schneider’s insect medium, 10% fetal bovine serum and 30% citrate buffer, 98 mM NaOH, 186 mM NaCl, 1.7 mM EDTA, 41 mM citric acid, pH 4.5). Perfused hemolymph was placed onto a hemocytometer (Neubauer, C-Chip DHC-N01, INCYTO) where approximately 50 cells were counted per individual fly or approximately 200 cells per individual mosquito for both LP and CLD treated sub-groups. Hemocyte sub-populations were differentiated by morphology (size and shape) or fluorescence (red or green) in the Drosophila transgenic lines.

Drosophila samples were examined 48h post-injection, while Aedes were evaluated at both 24 and 48h post-injection. Additionally, to examine the effects of blood feeding, blood-fed mosquitoes were examined 24 h post blood-meal (48 h post-injection) after challenge with defibrinated sheep blood (Hemostat Laboratories) using an artificial membrane feeding system.



Bacterial Challenge Following Clodronate Treatment

Cultures of Serratia marcesens and Staphylococcus aureus were grown overnight in LB at 37°C. For Drosophila experiments, bacterial cultures were centrifuged at 8,000 rpm for 5 min, washed twice with 1× PBS, and resuspended in 1× PBS at a concentration of OD600 = 0.1. Approximately 24 h after pre-treatment with LP or CLD, adult SRP-mCherry Drosophila (n = 20 per replicate) were injected with 23 nl (∼1 × 108 CFU/ml) of either bacterial suspensions (S. marcescens or S. aureus) using a Nanoject III injector as previously described (Troha and Buchon, 2019). Following challenge, flies were maintained at room temperature and survival was monitored every 24 h for 8 days.

For mosquito experiments, S. marcescens or S. aureus cultures were centrifuged at 8,000 rpm for 5 min, washed twice with 1× PBS and resuspended to a final concentration of OD600 = 0.4. OD. A 100× dilution of the bacterial cultures (∼4 × 106 CFU/ml) were injected (69 nl) into naïve adult mosquitoes (n = 30 per replicate) 48 h post-treatment with LP or CLD as previously (Kwon and Smith, 2019). The injection of 1× PBS was included as an additional control. The survival of mosquitoes following bacterial challenge was monitored every 24 h for 8 days to determine the effects of phagocyte depletion on mosquito survival.



Gene Expression Analysis Following Clodronate Treatment

Total RNA was isolated from pooled whole fly or mosquito samples using TRIzol (Thermo Fisher Scientific), of which 2 μg of total RNA was used a template for cDNA synthesis using the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific). To examine gene expression following phagocyte depletion, qRT-PCR was performed using PowerUp SYBR Green Master Mix (Thermo Fischer Scientific) on control- or clodronate-treated treated fly and mosquito samples.

To validate phagocyte depletion in Drosophila, primers directed at either GFP or mCherry were examined in their respective transgenic lines using RpL32 as an internal control (Supplementary Table 1) using the following cycling conditions: 95°C for 10 min, 40 cycles with 95°C for 15 s and 65°C for 60 s. Similarly, phagocyte depletion was evaluated in Aedes using primers directed at the granulocyte-enriched genes, nimrod, and eater, with rpS17 as an internal control (Supplementary Table 1). qRT-PCR was performed for 40 cycles using the following cycling conditions: 98°C for 10s, 60°C for 10s and 72°C for 30 s. For both fly and mosquito samples, relative expression was evaluated using a comparative CT (2–ΔΔCt) method (Livak and Schmittgen, 2001).



RESULTS

To determine the applicability of using CLD to deplete phagocytic cell populations in other insect species (Kwon and Smith, 2019), we first examined the use of CLD in Drosophila melanogaster. Following the injection of either LP (empty) or CLD at different dilutions (1:2 or 1:5 in 1× PBS, Figure 1A), adult Drosophila (SRP-mCherry) were monitored over an 8-day period to examine the potential effects of liposome treatment on fly survival (Figure 1B). When compared to PBS-injected controls, LP treatment had no effect on survival [Mantel-Cox; PBS: LP (1:2), P = 0.0811; PBS: LP (1:5), P = 0.0551] (Figure 1B). In addition, no differences in Drosophila survival were seen between LP and CLD treatments [Mantel-Cox; LP (1:2):CLD (1:2), P = 0.5506; LP (1:5):CLD (1:5), P = 0.6947] (Figure 1B). Using the 1:5 dilutions of LP and CLD, we then evaluated the efficacy of phagocyte depletion by perfusing flies two days post-injection (Figure 1A). Taking advantage of transgenic stocks that express fluorescent proteins in phagocytic plasmatocyte populations (Zettervall et al., 2004; Gyoergy et al., 2018), we demonstrate that CLD treatment significantly reduces the percentage of mCherry+ (Figure 1C) and EGFP+ (Supplementary Figure 1) plasmatocytes in Drosophila adults. We further validated these depletion experiments in the SRP-mCherry line using qRT-PCR, demonstrating a significant reduction in mCherry expression 24 h after CLD treatment (Figure 1D). Similar qRT-PCR experiments with the HemeseGal4-UAS-GFP line did not display differences in GFP expression when evaluated 24 h post-treatment or at 48 h post-treatment to allow at additional incubation time (Supplementary Figure 1). Given the reduction of EGFP+ immune cells following clodronate treatment (Supplementary Figure 1), the lack of change to GFP expression levels may be due to GFP expression in other tissues beyond plasmatocyte populations as previously noted (Zettervall et al., 2004). Together, these data suggest that CLD are able to effectively deplete Drosophila phagocyte populations.
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FIGURE 1. Use of clodronate liposomes to deplete Drosophila plasmatocytes. (A) Overview of clodronate liposome experiments in Drosophila (SRP-mCherry). Control (LP)- or clodronate liposomes (CLD) were diluted at 1:2 or 1:5 in 1X PBS and intrathoracically injected into adult female flies. Survival was then monitored over an eight-day period (B). Error bars represent the mean ± SEM of three independent replicates. In each replicate, 20 female adult flies were used for each experimental condition. LP treatment had no effect on survival [Mantel-Cox; PBS: LP (1:2), P = 0.0811; PBS: LP (1:5), P = 0.0551], nor were there differences between LP and CLD treatments [Mantel-Cox; LP (1:2):CLD (1:2), P = 0.5506; LP (1:5):CLD (1:5), P = 0.6947]. Following perfusion two-days post-injection, the percentage of mCherry+ hemocytes were evaluated in LP- and CLD-treated flies (1:5 dilution) (C). Data represent the pooled mean ± SEM of three independent experiments and were analyzed by a Mann–Whitney test to determine significance. To further validate phagocyte depletion, mCherry expression was examined in whole flies by qRT-PCR (D). Relative mCherry transcripts were significantly reduced following CLD-treatment. Data represent the pooled mean ± SEM of four independent experiments and were analyzed using an unpaired t test to determine significance. n = number of individual flies examined. Asterisks denote significance (***P < 0.001, ****P < 0.0001).


Similar experiments were also performed in the yellow fever mosquito, Aedes aegypti, to evaluate the use of CLD for phagocyte depletion (Figure 2A). Concentrations of either LP or CLD at 1:2, 1:4, or 1:5 dilutions were examined, with none of the concentration having measurable impacts on adult mosquito survival (Figure 2B). Both the 1:4 and 1:5 dilutions were able to significantly reduce the percentage of granulocytes at 24- or 48-h post-treatment (Supplementary Figure 2), although phagocyte depletion was more effective at 48 h and with the 1:4 dilution (Supplementary Figure 2). Moreover, CLD treatment was able to effectively reduce phagocyte populations in mosquitoes under both naïve (Figure 2C) and blood-fed conditions (Figure 2D). These morphological observations were further validated using qRT-PCR on eater and nimrod, two transcripts associated with hemocyte phagocytic function (Kocks et al., 2005; Kurucz et al., 2007; Kwon and Smith, 2019). For both eater and nimrod, clodronate treatment significantly reduced the relative transcript abundance in naïve and blood-fed mosquitoes (Figure 2E). Together, these data suggest that CLD can effectively be used to study Ae. aegypti phagocyte function.
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FIGURE 2. Application of clodronate liposomes to deplete Ae. aegypti phagocytic immune cells. (A) Overview of clodronate liposome experiments in mosquitoes. Control (LP)- or clodronate liposomes (CLD) were diluted at 1:2, 1:4, or 1:5 in 1X PBS and intrathoracically injected into adult female mosquitoes. Survival was then monitored over an eight-day period (B). Error bars represent the mean ± SEM of two independent replicates. In each replicate, 30 adult female adult mosquitoes were used for each experimental condition. LP treatment had no effect on survival [Mantel-Cox; PBS: LP (1:2), P = 0.4464; PBS: LP (1:4), P = 0.7120; PBS: LP (1:5), P = 0.7978] and there were no differences in survival between LP and CLD treatments [Mantel-Cox; LP (1:2):CLD (1:2), P = 0.9425; LP (1:4):CLD (1:4), P = 0.7992; LP (1:5):CLD (1:5), P = 0.8361]. To evaluate phagocyte depletion, the percentage of granulocytes were examined by light microscopy two-days (48 h) post-injection (1:4 dilution) under either naïve (C) or blood-fed conditions (D). Data represent the pooled mean ± SEM of three independent experiments that were analyzed by a Mann–Whitney test to determine significance. To further validate phagocyte depletion, molecular marker of phagocytic cells, nimrod and eater, were examined in whole mosquitoes by qRT-PCR (E). Relative nimrod and eater transcripts were significantly reduced following CLD-treatment under both naïve and blood-fed conditions. Data represent the pooled mean ± SEM of three independent experiments that were analyzed using an unpaired t test to determine significance. n = number of individual mosquitoes examined. Asterisks denote significance (**P < 0.01, ***P < 0.001, ****P < 0.0001).


To determine the effects of phagocyte depletion on immune function and host survival, we challenged adult flies and mosquitoes with bacteria after treatment with LP or CLD (Figure 3). Drosophila displayed significantly reduced survival following phagocyte depletion when challenged with S. marcescens and S. aureus (Figure 3A) similar to previous reports in which plasmatocytes were depleted through genetic experiments (Charroux and Royet, 2009; Defaye et al., 2009). However, these effects were considered more moderate when compared to the strong phenotypes resulting from similar experiments in Ae. aegypti, where the survival of CLD-treated mosquitoes was severely reduced upon challenge of either S. marcescens or S. aureus (Figure 3B). Similar to previous work in the mosquito Anopheles gambiae (Kwon and Smith, 2019), S. marcescens challenge caused significant pathogenicity in control- and clodronate-treated Ae. aegypti, although phagocyte depletion led to significant mortality within 3 days post-challenge (Figure 3B). S. aureus challenge also led to severe mortality in the phagocyte-depleted background with little effect in control mosquitoes (Figure 3B). In agreement with previous studies implicating phagocytic immune cells in mediating insect responses to bacterial challenge (Kocks et al., 2005; Kurucz et al., 2007; Hashimoto et al., 2009; Kwon and Smith, 2019), these results provide further support that CLD can serve as a valuable tool to study cellular immune function and phagocyte contributions to innate immune responses to pathogens across a variety of insect systems.
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FIGURE 3. The depletion of phagocytic immune cells influences survival after bacterial challenge. Bacterial challenge assays were performed in flies (A) or mosquitoes (B) following treatment with control (LP)- or clodronate liposomes (CLD). Survivorship was monitored in every day over an 8-day period to evaluate the effects of S. marcescens or S. aureus challenge. For mosquito challenge experiments (B), an additional control was added in which LP-treated mosquitoes were challenged with the injection of sterile PBS. Error bars represent the mean ± SEM of three independent replicates for Drosophila (20 per replicate) and Ae. aegypti (30 per replicate). Data were analyzed using a log-rank (Mantel-Cox) test using GraphPad Prism 6.0. Fly and mosquito images were created with BioRender.com.




DISCUSSION

Insects have developed a robust innate immune system for defense against a variety of microorganisms that are the result of developments in diverse ecological systems and environments, as well as the hematophagous behaviors that expose many insect species to bacterial, viral, fungal, and parasitic pathogens. With evidence of immune memory (Pham et al., 2007; Rodrigues et al., 2010; Cooper and Eleftherianos, 2017) and the conservation of immune signaling pathways with mammalian systems (Buchon et al., 2014; Hillyer, 2016), the study of insect immunity offers several advantages for comparative immunology. Moreover, insects have integral roles in the transmission of disease that influence agriculture or that are of veterinary or medical importance. While Drosophila has served as an excellent model for insect systems, it is not representative of the diversity in insect systems where studies of non-model insects have been limited by the lack of genetic tools.

Herein, we expand on previous reports in An. gambiae (Kwon and Smith, 2019) to describe the use of CLD in D. melanogaster and Ae. aegypti to deplete phagocytic immune cells. Widely used in mammalian systems to deplete macrophage populations function (van Rooijen and Sanders, 1994; Lehenkari et al., 2002; van Rooijen and Hendrikx, 2010), our results provide further evidence that CLD can also be utilized in a variety of insect systems and is supported by conserved, functional similarities between insect and mammalian phagocytes (Browne et al., 2013).

In our proof of principle experiments, we demonstrate through microscopy and qRT-PCR techniques that CLD can significantly reduce phagocytic plasmatocyte or granulocyte populations respectively in adult D. melanogaster and Ae. aegypti. While mutations (Braun et al., 1997, 1998) or other methods of genetic ablation (Charroux and Royet, 2009; Defaye et al., 2009) to study phagocyte function already exist in Drosophila, similar tools have not yet been developed in mosquitoes. Alternative methods to inhibit phagocyte function have been utilized in both Drosophila (Elrod-Erickson et al., 2000; Lamiable et al., 2016) and mosquitoes (Castillo et al., 2017) that rely on saturating the phagocytic machinery via the injection of polystyrene beads, yet may not fully impair phagocyte function. Therefore, we believe that the use of CLD provides a convenient method to study phagocyte function in non-model insects, as well as an alternative methodology for model systems such as Drosophila. Moreover, the ability to deplete phagocytic cell populations also enables the study of phagocyte contributions to insect-pathogen interactions. This is supported by recent experiments demonstrating phagocyte contributions to anti-Plasmodium immunity in An. gambiae (Kwon and Smith, 2019) and may be similarly utilized in the future to examine phagocyte function in the context of arbovirus infection in Ae. aegypti.

Additional experiments demonstrate the importance of phagocyte function for insect survival following bacterial challenge, wherein both flies and mosquitoes display reduced survival to gram (−) and gram (+) bacteria following phagocyte depletion similar to previous experiments (Charroux and Royet, 2009; Defaye et al., 2009; Kwon and Smith, 2019). Of interest, these survival phenotypes were much stronger in Ae. aegypti where few mosquitoes survived challenge with either S. marcescens or S. aureus, and may potentially represent differences in the cellular and humoral defenses to bacterial pathogens between mosquitoes and flies that warrant further study.

In summary, we believe that our experiments with CLD support their utility to deplete phagocytes in flies and mosquitoes, providing new or alternative methods to study the cellular and humoral contributions of phagocytes to the defense of invading pathogens. With the conserved utility of CLD in mammals and insects, as well as its ease of use, we believe that CLD can be a significant new resource for the study of invertebrate immunity.
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A Novel Function of TLR2 and MyD88 in the Regulation of Leukocyte Cell Migration Behavior During Wounding in Zebrafish Larvae
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Toll-like receptor (TLR) signaling via myeloid differentiation factor 88 protein (MyD88) has been indicated to be involved in the response to wounding. It remains unknown whether the putative role of MyD88 in wounding responses is due to a control of leukocyte cell migration. The aim of this study was to explore in vivo whether TLR2 and MyD88 are involved in modulating neutrophil and macrophage cell migration behavior upon zebrafish larval tail wounding. Live cell imaging of tail-wounded larvae was performed in tlr2 and myd88 mutants and their corresponding wild type siblings. In order to visualize cell migration following tissue damage, we constructed double transgenic lines with fluorescent markers for macrophages and neutrophils in all mutant and sibling zebrafish lines. Three days post fertilization (dpf), tail-wounded larvae were studied using confocal laser scanning microscopy (CLSM) to quantify the number of recruited cells at the wounding area. We found that in both tlr2–/– and myd88–/– groups the recruited neutrophil and macrophage numbers are decreased compared to their wild type sibling controls. Through analyses of neutrophil and macrophage migration patterns, we demonstrated that both tlr2 and myd88 control the migration direction of distant neutrophils upon wounding. Furthermore, in both the tlr2 and the myd88 mutants, macrophages migrated more slowly toward the wound edge. Taken together, our findings show that tlr2 and myd88 are involved in responses to tail wounding by regulating the behavior and speed of leukocyte migration in vivo.
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INTRODUCTION

Acute inflammation is characterized by the directed migration of leukocytes, which can be triggered by tissue damage (Lieschke et al., 2001; Soehnlein and Lindbom, 2010). The function of directed leukocyte migration is to eliminate cell debris and invading pathogens, with the aim of maintaining homeostasis upon tissue damage (Serhan et al., 2007). Neutrophils and macrophages are the two crucial immune cells that engage in this process (Soehnlein and Lindbom, 2010; Li et al., 2012). Neutrophils are the first cells to rapidly respond to the site of injury, and produce cytokines and chemokines to mediate the recruitment of other cells (Nathan, 2006; Li et al., 2012). However, persisting neutrophil recruitment can release toxic granule contents to further damage tissue, and thereby is a hallmark of chronic inflammatory disease (Weiss, 1989; Serhan et al., 2007; Brazil et al., 2013). In comparison, distant macrophages move slower and accumulate later at the wounded area and are considered to play a role in eliminating the debris of apoptotic cells and assist in regeneration of wounded tissue (Martin and Leibovich, 2005; Soehnlein and Lindbom, 2010; Li et al., 2012; Mescher, 2017). Leukocyte migration must be tightly regulated to avoid negative effects on tissue repair or further damage. Despite myriad studies on leukocyte migration in response to wounding, the underlying mechanisms are not yet completely understood (Hopkin et al., 2019).

Neutrophils and macrophages depend on membrane-localized pattern recognition receptors (PRRs) to sense invading microbes and associated tissue damage (Hato and Dagher, 2015). PRRs play a crucial role to recognize pathogen associated molecular patterns (PAMPs) of invading microbes in open wounds and damage associated molecular patterns (DAMPs) released by lysing cells (Janeway and Medzhitov, 2002; Niethammer, 2016). Toll-like receptors (TLRs) are prominent recognition factors for PAMPs and DAMPs to regulate inflammatory responses (Yu et al., 2010; Vijay, 2018). Extensive studies have demonstrated that cellular distribution is different for each TLR. TLRs recognize different classes of PAMPs and trigger the production of cytokines and chemokines during infection. Two typical examples are TLR2, which senses bacterial lipoproteins (Quesniaux et al., 2004), and TLR4, which recognizes bacterial lipopolysaccharide (LPS) (Poltorak et al., 1998). Accumulating evidence shows that high-mobility group box 1 protein (HMGB1), which is the best well known endogenous danger signal, activates inflammation by forming complexes with other DAMPs (such as single-stranded DNA, nucleosomes and LPS) to be recognized by IL-1R as well as TLR2, TLR4, and TLR9 to induce inflammatory responses (Bianchi, 2009; Yanai et al., 2009; Soehnlein and Lindbom, 2010). After interacting with these PAMPs and DAMPs, TLRs initiate downstream signaling cascades that ultimately result in producing cytokines and chemokines. Importantly, the activation of downstream signaling pathways by HMGB1 has been shown to be dependent on the TLR down-stream signaling mediated by myeloid differentiation factor 88 protein (MyD88) (Soehnlein and Lindbom, 2010; Teixeira et al., 2020).

TLR2 is one of the best known PRRs and acts as a heterodimer with TLR1 or TLR6 to recognize gram positive bacteria including mycobacteria, presumably based on the specific binding to their cell wall components, such as glycolipids and glycoproteins (Quesniaux et al., 2004; Oliveira-Nascimento et al., 2012). TLR2 is expressed and activated after tissue injury even in the absence of infections, like in acute ischemic injury as well as in acute liver and kidney injury (Schauber et al., 2007; Castoldi et al., 2012; Xu et al., 2013; Moles et al., 2014). In the study of Mojumdar et al. (2016), it was shown that macrophage infiltration was reduced into normal muscle following acute injury in TLR2 deficiency mice (Mojumdar et al., 2016). In addition, Kim et al. demonstrated that TLR2 contributes to macrophage infiltration in the dorsal root ganglia after peripheral nerve injury in mice (Kim et al., 2011). Such injury-induced TLR2 expression and activation has therefore been hypothesized to be important for human health (Seki et al., 2011; Miura et al., 2013; Moles et al., 2014). Following ischemic injury in mice, TLR2 activation promotes cell permeability, lymphocyte invasion and endothelial cell migration and mediates the release of TNF-α and IL-6 (Xu et al., 2013). TLR2-deficient mice have a defective ability to recruit neutrophils to an injured liver and fail to induce the neutrophil chemokine CXCL-2 (Moles et al., 2014). Additionally, TLR2 contributes to chronic liver disease in a mouse model by mediating MAPK and NF-κB signaling pathways (Ji et al., 2014). However, there is little knowledge of the function of TLR signaling in cell migration of myeloid cells to epithelial wounding sites (Deng et al., 2012).

MyD88 is an essential adaptor protein for all TLRs, except TLR3 (Takeda and Akira, 2004; Chen et al., 2020). MyD88 is responsible for activating downstream signaling through binding to the TIR domain of TLRs (Takeda and Akira, 2004; Chen et al., 2020). A few studies have shown changes in MyD88 expression after tissue injury. Similar to Tlr2, the gene expression of Myd88 is upregulated following ischemic injury in mice (Wagner et al., 2020). Moreover, the expression of Myd88 and Tlr2 is significantly increased in diabetic wounded mice (Dasu et al., 2010). In addition, some evidence indicate that Myd88 is involved in the modulation of wound healing (Macedo et al., 2007; Houseright et al., 2020), but the underlying mechanism is still unclear. Although TLR signaling is important for chemokine production, little is known about the role of MyD88 in leukocyte migratory responses to tissue injuries in the absence of pathogenic infections.

In this paper we use zebrafish larvae as a model for studying leukocyte cell migration after tail wounding. The zebrafish model has become an important vertebrate model for studying human diseases. The small size and transparency of their larvae are useful characteristics for the screening and imaging of transgenic reporter lines (Meijer and Spaink, 2011). Zebrafish larvae are a popular model for studying functions involved in wound repair (Renshaw et al., 2006; Niethammer et al., 2009; Xie et al., 2019; Bernut et al., 2020; Katikaneni et al., 2020; Sommer et al., 2020b). The availability of mutants in TLR signaling genes tlr2 and myd88 make it possible to study their roles in leukocyte migratory behavior upon tail wounding in zebrafish (Henry et al., 2013; van der Vaart et al., 2013; Hu et al., 2019; Xie et al., 2019; Sommer et al., 2020b). Tlr2 and Myd88 show a highly conserved structure in mammals and zebrafish (Meijer et al., 2004). In a previous study, we demonstrated the conserved role of tlr2 in zebrafish as a PRR to recognize the mammalian TLR2 ligand Pam3CSK4, and identified a set of genes that are specifically expressed by activation of the downstream pathway of zebrafish tlr2 (Yang et al., 2015). Moreover, He et al. (2020) confirmed that tlr2 gene expression can be upregulated upon wounding in zebrafish larvae which is consistent with previous studies in mice. In addition, the study of Sommer et al. (2020a) suggests that myd88 is required for induction of chemokine gene expression, such as ccl2 and cxcl11aa, following tail wounding.

In the present study, live fluorescent imaging was used to investigate the effect of the tlr2 mutation and the myd88 mutation on leukocyte migration upon tail wounding. We found reduced numbers of recruited neutrophils and macrophages at the wounding area in both tlr2 mutants and myd88 mutants, compared to their sibling controls. Leukocyte migration in the tlr2 and myd88 mutants upon wounding was analyzed using quantitative analyses of cell migration tracks. Our results demonstrate that the tlr2 and the myd88 mutations affect distant neutrophil migration upon wounding by negatively affecting their directional persistence, but not their migration speed. Not only the directional persistence of distant macrophages was significantly decreased in the tlr2 and the myd88 mutants, but also their migration speed. This study shows for the first time that TLR signaling is directly involved in controlling behavior of cell migration of neutrophils and macrophages during wounding, stimulating further studies also in other model systems.



MATERIALS AND METHODS


Zebrafish Maintenance and Strain Construction

All animal experiments described in this study were performed at the University of Leiden according to standard protocols (zfin.org) and adhered to the international guidelines specified by the EU Animal Protection Directive 2010/63/EU. The culture of adult fish was approved by the local animal welfare committee (DEC) of the university (License number: protocol 14,198). No adult zebrafish were sacrificed for this study. All experiments were done on 3 days post fertilization (dpf) fish, therefore prior to the free-feeding stage and did not fall under animal experimentation law according to the EU Animal Protection Directive 2010/63/EU. Eggs and larvae were grown at 28.5°C in egg water (60 g/ml Instant Ocean sea salts). For living imaging and tail wounding experiments, 3 dpf larvae were anesthetized with egg water containing 0.02% buffered 3-aminobenzoic acid ethyl ester (Tricaine, Sigma-Aldrich, Netherlands).

The tlr2sa19423 mutant and myd88hu3568 mutant lines were identified by the sequencing of an ENU-mutagenized zebrafish library (van der Vaart et al., 2013; Hu et al., 2019). To investigate the effect of the tlr2 and the myd88 mutations on leukocyte development, double fluorescent lines tlr2+/+ Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP), tlr2–/– Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP), myd88+/+ Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP), myd88–/– Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) were used. Both homozygous mutants were outcrossed with the double transgenic line Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) (Renshaw et al., 2006; Bernut et al., 2014). Subsequently, their heterozygous offspring with both positive GFP and mCherry fluorescence were imaged and then used for in-cross. F1 heterozygous in-cross offspring with both positive GFP and mCherry fluorescence were imaged blindly and genotyped post-imaging to produce the homozygous mutants and wild type siblings. In the present study, the double transgenic lines were used for the quantification of cell numbers, cell recruitment assays upon wounding, and leukocyte living imaging experiments.



Tail Wounding

In the present study, a caudal fin wounding model was applied as previously described (Renshaw et al., 2006; Chatzopoulou et al., 2016; Xie et al., 2019). 3 dpf tlr2 zebrafish larvae were anesthetized with egg water containing 0.02% tricaine (Sigma Aldrich). Subsequently, the caudal fins of larvae were wounded by using a 1 mm sterile sapphire blade scalpel (World Precision Instruments) on a 2% agarose covered petri-dish. To avoid damaging the notochord and other tissues of zebrafish larvae, all of the wounding experiments were performed under a MZ16FA Fluorescence Stereo Microscope (Leica Microsystems, Wetzlar Germany) equipped with a DFC420C color camera (Leica Microsystems). After the wounding, the egg water with 0.02% tricaine was changed with untreated egg water. Wounded larvae were put back into an incubator at 28.5°C. Subsequently, the wounded larvae were collected or fixed for follow up experiments.



Imaging and Quantification

For the quantification of the recruited cell number upon wounding, the double transgenic tlr2 and myd88 larvae were wounded with the method described before. 1, 2, 4, and 6 h post wounding (hpw), larvae were collected and fixed with 4% paraformaldehyde (PFA) in PBS overnight at 4°C and washed with PBS the next day. The wounded tail area of fixed samples from each group were imaged by using a Leica MZ16FA fluorescence stereo microscope equipped with a DFC420C color camera. Cells localized within an area of 200 μm from the wounding edge toward the body trunk were counted as recruited cells. Analysis was performed by combining three independent experiments.

For detailed cell migration behavior analyses, larvae (3 dpf) were mounted into 1% low melting point agarose (Sigma Aldrich) with 0.02% tricaine and imaged under a Leica TCS SP8 confocal microscope (Leica Microsystems) with a 10× objective (N.A. 0.40). Data were saved as maximum projection images for further cell counting. The number of neutrophils and macrophages in the tail region were manually quantified.



Live Imaging

All time-lapse imaging was performed on 3 dpf larvae. Larvae for each condition (unchallenged/wounded) were mounted in the method described before and visualized in the CLSM with 1 min time interval for 2 h image capture using a 20× objective (N.A. 0.75). For the manual cell tracking analysis, all time-lapse images were saved as maximum projection images.

We first defined the role of tlr2 and myd88 in leukocyte migration under the unchallenged condition. The caudal hematopoietic tissue (CHT) of double transgenic lines was imaged using the CLSM with unchallenged condition. To investigate the effect of the tlr2 and myd88 mutations on leukocyte migration upon wounding, the double transgenic line Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) larvae in the tlr2, myd88 mutant or their wild type background were wounded and performed for real time imaging from 1 to 3 hpw.



Cell Tracking and Its Quantification

The cell tracking of macrophages and neutrophils was either performed manually by using a manual tracking plug-in from Fiji (Meijering et al., 2012; Torraca et al., 2015) or automatically by using automatic 3D cell tracking algorithms (Tinevez et al., 2017; Ulman et al., 2017). In this paper, we applied a Viterbi Algorithm, proposed by Magnusson et al. for quantifying leukocyte migration speed (Magnusson et al., 2015). The Viterbi Algorithm follows a global linking strategy which can find the optimal path based on a probabilistically motivated scoring function. The algorithm incorporates six different cell behaviors which include cell migration, migration into or out of image based on probability framework, and cell count, mitosis, apoptosis based on logistic regression. In our application, we did not take into account mitosis and apoptosis. An operation called “swaps” is applied in the Viterbi Algorithm. It can modify links in preexisting tracks if there is a better linking way during a creation of new tracks.

The distance to the wound, mean speed, net displacement, meandering index (M.I.), mean square displacement (MSD), cell diffusivity (D), velocity in anteroposterior direction (VAP), and VAP over time were calculated in different groups by manual tracking data. The calculation and explanation of the parameters are shown in Figure 4. The distance to the wound is defined as the shortest Euclidean distance to the wound edge (Figure 4A). For the velocity in the anteroposterior direction, tracks were rotated such that the spines of the larvae were aligned (Figure 4B). Then, for each cell the average velocity in the anteroposterior axis was calculated. For VAP over time, the VAP of all cells within a group was averaged over three consecutive time frames. Net displacement, total displacement, meandering index and mean speed are shown in Figure 4C and Table 1 (Eqs 1–4). The net displacement is the distance of the cell between the first and final time frame (Figure 4C), i.e., the Euclidian distance traveled being: dnet = d(pi, pN) (Table 1, Eq. 1). The total displacement is the length of the total cell track, i.e., the sum of the net displacements between two successive frames [[image: image]] (Figure 4C and Table 1, Eq. 2). Cells can reorient between two frames, such that this measure may underestimate the actual distance traveled. However, we used the same frame rate of 1 min in all experiments, such that the results are comparable with one another. Meandering index is most simply defined as the net distance traveled divided by the total distance traveled (M.I = [image: image]) (Stokes et al., 1991; Figure 4C and Table 1, Eq. 3). Mean speed is the total displacement divided by traveled time ([image: image]) (Table 1, Eq. 4). The MSD at time t was calculated for each group by averaging the squared displacement from starting time t1 = 1 hpw to time t over all cells (K) within that group [[image: image]] (Figure 4D and Table 1, Eq. 5). For persistent random walkers, an analytical expression for the MSD exists: [image: image] (Table 1, Eq. 6), with v the intrinsic cell velocity and τ the persistent time, which can be fit to the MSD calculated from cell tracks (Selmeczi et al., 2005). The cell diffusivity constant D and MSD(t) at large t are related through [image: image], with n = 2 the dimension, which for persistent random walkers results in D = 1/2v2 τ (Table 1, Eq. 7). We assume that distant neutrophils and macrophages can behave like persistent random walkers during the time span of imaging (Taylor et al., 2013). We fit Eq. 6 to the MSD curve (Table 1, Eq. 5) using a non-linear least squares method. The obtained parameters v and τ are then used to compute the approximated cell diffusivity D. For distant neutrophils, the fit was performed on the first 80 min of tracking, for distant macrophages, the entire 2 h tracking period was used.


TABLE 1. Formulas of calculated track measures and derived measures.

[image: Table 1]
The movement behavior of cells can change after they arrive at the wound edge (Supplementary Figure S1). To analyze the behavior of leukocyte tracks more accurately, we defined categories of distant and local resident cell movements based on their starting location in the first frame of the time lapse. Cells with a starting point of movements localized further than 200 μm from the wound edge toward to the trunk were categorized as distantly localized cells (in brief called distant cells). Cells with a starting point of movements localized within a distance of up to 200 μm from the wound edge toward to the trunk were categorized as wound-residing cells (in brief called local resident cells, Supplementary Figure S1A). Although there is no difference between distant neutrophils and local resident neutrophils in mean speed (Supplementary Figure S1C), net displacement and meandering index are significantly decreased in the local resident neutrophil groups compared to the distant neutrophil groups (Supplementary Figures S1D,E). Furthermore, mean speed, net displacement and meandering index are all significantly decreased in the local resident macrophage groups (Supplementary Figures S1F–H). Thus, the cell movement behavior is quantified by separating distant and local resident cell movements in this study.



Statistical Analysis

Graphpad Prism software (Version 8.1.1; GraphPad Software, San Diego, CA, United States) was used for statistical analysis. Computations of distance to the wound, MSD and VAP were performed using a Python script including the SciPy stats library for statistical testing. Shaded regions of MSD and VAP over time indicate standard error of mean, the other experiment data are shown as mean ± SD. Statistical significance of differences was determined by using an unpaired, two-tailed t-test for comparing the difference between wild type and tlr2 and myd88 mutant (ns, no significant difference; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ****P < 0.0001).



RESULTS


Tlr2 and myd88 Mutations Do Not Affect Development and Basal Motility of Leukocytes

To determine the leukocyte development in tlr2 and myd88 mutants, the double-transgenic line tlr2+/+ Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP), tlr2–/– Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP), myd88+/+ Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) and myd88–/– Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) were constructed. The lines were imaged at 3 dpf to count the number of macrophages and neutrophils in their tail region, and then compared with their wild type siblings (Figure 1A). Embryos of the tlr2 and myd88 mutants showed similar numbers of macrophages and neutrophils as their wild type siblings (Figures 1B–E). This result is consistent with our previous studies of the same myd88 mutant at 3 dpf and the tlr2 mutant at 2 dpf (van der Vaart et al., 2013; Hu et al., 2019). With the aim of investigating the importance of the tlr2 and the myd88 mutations for leukocyte behavior under unchallenged condition, the CHT region was analyzed in the double transgenic lines of tlr2 and myd88 using CLSM by taking time-lapse images (Figure 1A). No significant effect was observed on leukocyte basal motility in the CHT tissue in the tlr2 and myd88 mutants compared with their wild type sibling control (Figures 1F–M). Representative images are shown in Supplementary Figures S2, S3.
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FIGURE 1. Quantification of macrophage and neutrophil numbers and their basal migratory capability in the 3 dpf tlr2 and myd88 mutants and wild sibling controls larvae. (A) Experimental scheme. At 3 dpf, numbers and basal migratory capability of GFP-labeled neutrophils and mCherry-labeled macrophages in tail region were quantified using Leica TCS SP8 confocal laser scanning microscopy (CLSM). Red boxes show the area in which cells were counted or tracked. (B–E) The quantification of neutrophil and macrophage numbers in tail region by using tlr2 and myd88 zebrafish larvae. Data (mean ± SD) are combined from three pools of zebrafish larvae. No significant differences (ns) in the number of neutrophils (B,D) and macrophages (C,E) was detected with an unpaired, two-tailed t-test. Each point represents one larva and different colors represent different pools. Sample size (n): 28, 32 (B,C); 24, 24 (D,E). (F,G,J,K) Quantification of basal migratory capability in 3 dpf tlr2 zebrafish. The total displacement and mean speed of individual neutrophils (F,J) and macrophages (G,K) were quantified by using a manual tracking plugin. Data (mean ± SD) are combined from 5 larvae of tlr2+/+ Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) and tlr2– /– Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) larvae, respectively. Each color indicates a different larva. No significant differences (ns) in the total displacement and mean speed of neutrophils (F,J) and macrophages (G,K) were detected with an unpaired, two-tailed t-test. Sample size (n): 28, 28 (F,J); 40, 39 (G,K). Cell tracking movies are shown in Supplementary Movies S1–S4) (H,I,L,M) Quantification of basal migratory capability in 3 dpf myd88 zebrafish. The total displacement and mean speed of individual neutrophils (H,L) and macrophages (I,M) were quantified by using a manual tracking plugin. Data (mean ± SD) are combined from 5 larvae of myd88+/+ Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) and myd88– /– Tg (mpeg1:mCherry-F);TgBAC (mpx: EGFP) larvae, respectively. Each color indicates a different larva. No significant differences (ns) in the total displacement and mean speed of neutrophils (H,L) and macrophages (I,M) were detected with an unpaired, two-tailed t-test. Sample size (n): 34, 33 (H,L); 47, 55 (I,M). Cell tracking movies are shown in Supplementary Movies S5–S8).




Tlr2 and myd88 Regulate Neutrophil Recruitment to a Tail Wound

To study the effect of the tlr2 and myd88 mutations on the recruitment of neutrophils toward a site of injury, a tail wound method was used in 3 dpf zebrafish larvae as a model for inflammation. To quantify the number of recruited neutrophils to the wound, we counted the number of neutrophils that were located in a range closer than 200 μm from the wound edge of the tail at 1, 2, 4, and 6 hpw (Figure 2A). Our results show that the tlr2 mutation had a significant negative effect on the recruitment of neutrophils after 2, 4, and 6 hpw (Figures 2B,C). However, there is no significant difference in recruited neutrophil numbers between wild type and tlr2–/– at 1 hpw (Figures 2B,C). Notably, a significant difference of recruited neutrophil numbers was already observed at 1 hpw in myd88 zebrafish larvae and remained significant until 6 hpw (Figures 2D,E).
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FIGURE 2. The number of neutrophils recruited to the wounded area in the tlr2 and myd88 mutants and wild type sibling controls larvae. (A) Experimental scheme. Tlr2 and myd88 homozygous mutants and sibling control larvae were wounded at 3 dpf. Their tails were wounded to the tip of the notochord. The red dashed line shows the site of wounding. Recruited neutrophils at the wound were imaged at 1, 2, 4, and 6 hpw by using CLSM. For recruited cell counting analysis, cells localized within an area of 200 μm from the wounding edge toward the body trunk were counted as recruited cells. The red dashed box shows the area where neutrophils were counted as recruited neutrophils. (B,D) Representative images of 3 days dpf larvae at 1, 2, 4, and 6 h post-wounding (hpw). Scale bar: 50 μm. (C) Quantification of recruited neutrophil numbers to the wounded area at 1, 2, 4, and 6 hpw in 3 dpf tlr2+/+ and tlr2– /– larvae. Each point represents a different larva. Sample size (n): 45, 46, 82, 72, 74, 68, 50, 50. (E) Quantification of recruited neutrophil numbers to the wounded area at 1, 2, 4, and 6 hpw in 3 dpf myd88+/+ and myd88– /– larvae. Each point represents a different larva. Sample size (n): 29, 28, 37, 38, 45, 39, 51, 45. In all cases, statistical analyses were done from three independent experiments. An unpaired, two-tailed t-test was used to assess significance (ns, no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001) and data are shown as mean ± SD.




Tlr2 and myd88 Regulate Macrophage Recruitment to a Tail Wound

To assess the role of the tlr2 and myd88 mutations in regulating the recruitment of macrophages to a site of the tail wound, we counted the recruited macrophage numbers by the same method as for measuring the neutrophil recruitment to the wound (Figure 3A). Both tlr2–/– and myd88–/– mutant zebrafish larvae displayed diminished macrophage responses upon wounding (Figure 3). Significantly decreased numbers of recruited macrophages toward the injury were measured in the tlr2–/– group at 2, 4, and 6 hpw (Figures 3B,C). Similarly, there is no significant difference in recruited macrophage numbers between wild type and tlr2–/– at 1 hpw (Figure 3C). A significant difference of recruited macrophage numbers was already observed from 1 hpw in myd88 zebrafish larvae, the same as was observed with neutrophil recruitment (Figures 3D,E).
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FIGURE 3. The number of macrophages recruited to the wounded area in the tlr2 and myd88 mutants and wild type sibling controls larvae. (A) Experimental scheme. Tlr2 and myd88 homozygous mutants and sibling control larvae were wounded at 3 dpf. Their tails were wounded to the tip of the notochord. The red dashed line shows the site of wounding. Recruited macrophages at the wound were imaged at 1, 2, 4, and 6 hpw by using CLSM. For recruited cell counting analysis, cells localized within an area of 200 μm from the wounding edge toward the body trunk were counted as recruited cells. The red dashed box shows the area where macrophages were counted as recruited macrophages. (B,D) Representative images of 3 dpf larvae at 1, 2, 4, and 6 hpw. Scale bar: 50 μm. (C) The quantification of recruited macrophage numbers to the wounded area at 1, 2, 4, and 6 hpw in 3 dpf tlr2+/+ and tlr2– /– larvae. Each point represents a different larva. Sample size (n): 45, 45, 82, 71, 69, 68, 51, 50. (E) The quantification of recruited macrophage numbers to the wounded area at 1, 2, 4, and 6 hpw in 3 dpf myd88+/+ and myd88– /– larvae. Each point represents a different larva. Sample size (n): 35, 34, 40, 43, 56, 42, 60, 58. In all cases, statistical analyses were done with data of three independent experiments. An unpaired, two-tailed t-test was used to assess significance (ns, no significant difference, **P < 0.01, ***P < 0.001, ****P < 0.0001) and data are shown as mean ± SD.




Live Imaging Reveals That the tlr2 and myd88 Mutations Affect Distant Neutrophil Directional Persistence, but Not Migration Speed Upon Tail Wounding

To investigate how neutrophils migrate in the absence of tlr2 or myd88 after tail wounding, a time-lapse microscopy experiment was performed by using CLSM between 1 to 3 hpw (Figures 5, 6). The definition of distant and local resident neutrophils is shown in panel A of Figures 5, 6 and Supplementary Figures S4, S5. Neutrophils located closer than 200 μm to the wound were defined as local resident neutrophils and further than 200 μm were defined as distant neutrophils. Measurement of the distance to the wound over time of all distant neutrophils in the tlr2–/– group indicated a trend of impaired infiltration toward the wound (Figures 5B,C, up panel). In total, the group of distant neutrophils in the tlr2+/+ group that arrived at the wound edge and stayed within a distance of 20 μm to the wound comprises 84% of a total of 25 tracked neutrophils (Figure 5C, up panel). The local resident neutrophils in this group all remained at the wound (Supplementary Figure S4B,C, up panel). In contrast, the group of the distant neutrophils in the tlr2–/– group that arrived at the wound within 2 h time-lapse cell tracking comprises only approximately 36% (Figures 5B,C, bottom panel). Moreover, approximately 33% of local resident neutrophils in the tlr2–/– group already migrated away from the wound edge within 3 hpw (Supplementary Figures S4B,C, bottom panel).

In general, distant neutrophils in the myd88+/+ group showed more chemotaxis to the wound compared to myd88–/– neutrophils (Figures 6B,C). Approximately 96.7% distant neutrophils arrived at the wound (within a distance of 20 μm to the wound) in the myd88+/+ group in total (Figure 6C up panel). However, only 86.4% distant neutrophils arrived to the wound (within a distance of 20 μm to the wound) in the myd88–/– group (Figure 6C, bottom panel). The local resident neutrophils in this group all remained at the wound except for a few outliers (Supplementary Figure S5C). In summary, the general trend of distant neutrophils migration in the myd88 mutant and sibling zebrafish groups was consistent with the result in the tlr2 mutant and sibling zebrafish groups, respectively (Figure 6C).

To quantify differences in neutrophil migration behavior between tlr2 and myd88 mutants and their wild type siblings, we first analyzed whether the deficiency of tlr2 and myd88 can affect neutrophil mean migration speed upon wounding. The results showed that the tlr2 and the myd88 mutations do not affect the mean speed of both distant and local resident neutrophils upon the wounding (Figures 5D, 6D, and Supplementary Figures S4D, S5D). In addition to manual cell tracking analysis we also performed automatic 3D cell tracking by using a Viterbi Algorithm (Magnusson et al., 2015). The results, shown in Supplementary Figure S8, confirm that there is no difference in mean speed between mutant and sibling neutrophils. However, automatic tracking of living cells showed to be very challenging due to the complex leukocyte cell behaviors. Since in the automated method there are cell disappearing and appearing leading to gaps in the time series images it is currently still outperformed by manual tracking.

We also tested the effect of the tlr2 and the myd88 mutations on the movement direction of neutrophils upon wounding by the quantification of net displacement, whose definition is shown in Figure 4 and Table 1. We observed that the net displacement of distant neutrophils had a decreased trend in the tlr2–/– group compared to the tlr2+/+ group (Figure 5E). Moreover, cell diffusivity determined by the fitting Eq. 6 to the MSD curve (Table 1) did not differ much between the tlr2–/– group (277 μm2/min) and the tlr2+/+ group (268 μm2/min) (Figure 5G). A significant decrease in net displacements was consistently observed in the myd88 mutant group (Figure 6E). Also, myd88–/– neutrophils have lower diffusivity (274 μm2/min) than myd88+/+ neutrophils (412 μm2/min) as measured from the slopes of the MSD plots (Figure 6G). As the cell speed of myd88–/– neutrophils does not differ from that of myd88+/+ neutrophils (Figure 6D), the reduced diffusivity may be due to more frequent or sharper changes of direction of the myd88–/– neutrophils. As neutrophils reach the wound edge, their diffusivity is limited in space. This is also visible in the flattening of the MSD at later time frames. Hence, fitting Eq. 6 to the MSD curve was limited to dt < 80.
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FIGURE 4. Calculated track measures. (A) Depiction of distance to the wound. It measured for each frame as the shortest distance from the cell’s current position to the entire line of the wound, i.e., the orthogonal projection to the wound. (B) Depiction of VAP: velocity in anteroposterior axis direction. The visible part of the spine is taken as the y-axis. (C) Depiction of the net displacement, total displacement, meandering index, and mean speed: the net displacement is the distance of the cell between the first and final time frame. Total displacement is the sum of the net displacement between two successive frames. Meandering index corresponds to the net displacement divided by the total displacement. Mean speed is the total displacement divided by traveled time. Formulas show in Table 1 (Eqs 1–4). (D) Depiction of the construction of the mean squared displacement: the displacement between the first time frame and time frame t from all cells is squared and averaged (see Table 1, Eq. 5).
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FIGURE 5. Quantification of distant neutrophils behavior in wounded tlr2 mutant and sibling control larvae. (A) Experimental scheme. Tlr2+/+ and tlr2– /– larvae were wounded at 3 dpf. The red dashed line shows the site of wounding. Neutrophils of wounded zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For cell tracking analysis, cells localized outside an area of 200 μm from the wounding edge toward the body trunk were counted as distant cells. Blue dashed box shows the area where distant neutrophils were tracked. (B) Representative images of distant neutrophil tracks in the wounded tail fin of 3 dpf tlr2+/+ or tlr2– /– larvae at frame 1, frame 60 and frame 120. Time interval between two successive frames is 1 min. Each color track represents an individual neutrophil. Cell tracking movies are shown in Supplementary Movies S9, S10). Scale bar: 50 μm. (C) Distance to the wound. Black dash line represents average distance to the wound. Each color line represents one cell. (D–I) Quantification of distant neutrophil tracks. In (D–F,H), each color indicates a different larva. There was no significant difference between the groups in terms of mean speed (D), net displacement (E), and MSD (green) and fitted MSD (black) (G). However, meandering index (F) and mean VAP (H) of neutrophils at the wound in tlr2+/+ is greater than in tlr2– /– larvae. The fitted MSD (G, black) was fitted for dt < 80 min. The shaded regions in MSD (G) and mean VAP over time (I) indicate standard error of the mean. Statistical analyses were done with 7 and 8 fish, respectively, for each group. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance, *P < 0.05) and data are shown as mean ± SD. Sample size (n): 25, 22 (D–F,H).
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FIGURE 6. Quantification of distant neutrophils behavior in wounded myd88 mutant and sibling control larvae. (A) Experimental scheme. Myd88+/+ and myd88– /– larvae were wounded at 3 dpf. The red dashed line shows the site of wounding. Neutrophils of wounded myd88 zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For cell tracking analysis, cells localized outside an area of 200 μm from the wounding edge toward the body trunk were counted as distant cells. Blue dashed box shows the area where distant neutrophils were tracked. (B) Representative images of distant neutrophil tracks in the wounded tail fin of 3 dpf myd88+/+ or myd88– /– larvae at frame 1, frame 60, and frame 120. Time interval between two successive frames is 1 min. Each color track represents an individual neutrophil. Cell tracking movies are shown in Supplementary Movies S11, S12). Scale bar: 50 μm. (C) Distance to the wound. Black dash line represents average distance to the wound. Each color line represents one cell. (D–I) Quantification of distant neutrophil tracks. In (D–F,H), each color indicates a different larva. There was no significant difference between the groups in terms of mean speed (D). However, the net displacement (E), meandering index (F), MSD (green) and fitted MSD (black) (G), and mean VAP (H) of neutrophils at the wound in myd88+/+ is greater than in myd88– /– larvae. The shaded regions MSD (G) and in mean VAP over time (I) indicate standard error of the mean. The fitted MSD (G, black) was fitted for dt < 80 min. Statistical analyses were done with 8 and 7 fish, respectively, for each group. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance, *P < 0.05, **P < 0.01) and data are shown as mean ± SD. Sample size (n): 30, 22 (D–F,H).


To further study the effect of the tlr2 and myd88 mutations on the neutrophil migration direction, we determined the meandering index and mean VAP (Figures 5F,H, 6F,H). The meandering index and mean VAP are all significantly decreased in the distant neutrophils of both tlr2–/– and myd88–/– mutants compared to their wild type sibling controls (Figures 5F,H, 6F,H). However, no significant difference of meandering index was found in local resident neutrophils of the tlr2–/– and myd88–/– mutants compared to the wild type siblings (Supplementary Figures S4F, S5F). The mean VAP over time qualitatively shows again the impaired chemotaxis of tlr2–/– and myd88–/–neutrophils compared to the tlr2+/+ and myd88+/+ neutrophils, respectively (Figures 5I, 6I). As more and more neutrophils approach the wound (Figures 5C, 6C), the mean VAP drops. For almost every time point, mean VAP of tlr2+/+ exceeds mean VAP of tlr2–/– (Figure 5I). Similar results were observed for myd88+/+ and myd88–/– distant neutrophils (Figure 6I).



Live Imaging Reveals That the tlr2 and myd88 Mutations Affect Distant Macrophage Migration Speed and Directional Persistence Upon Tail Wounding

To study the effect of the tlr2 and myd88 mutations on macrophage migration upon wounding, we compared macrophage behavior with their wild type siblings. The definition of distant macrophage and local resident macrophage is shown in panel A of Figures 7, 8 and Supplementary Figures S6, S7. Macrophages located closer than 200 μm to the wound were defined as local resident macrophages and further than 200 μm were defined as distant macrophages. In contrast to neutrophils, the majority of macrophages do not reach the wound within the measured time period. By measuring their distance to the wound over time, we can see a trend that distant macrophages show less chemotaxis in the tlr2–/– and myd88–/– mutant groups compared to their wild type sibling groups (Figures 7B,C, 8B,C). Within 50 μm to the wound, the local resident macrophages all remained at the wound in both the tlr2 and myd88 mutants and their wild type sibling controls (Supplementary Figures S6B,C, S7B,C). Within a distance of 200 μm, but outside 50 μm to the wound, local resident macrophages tend to migrate to the wound direction (Supplementary Figures S6B,C, S7B,C).
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FIGURE 7. Quantification of distant macrophage behavior in wounded tlr2 mutant and sibling control larvae. (A) Experimental scheme. Tlr2+/+ and tlr2– /– larvae were wounded at 3 dpf. The red dashed line shows the site of wounding. Macrophages of wounded tlr2 zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For cell tracking analysis, cells localized outside an area of 200 μm from the wounding edge toward the body trunk were counted as distant cells. Blue dashed box shows the area where distant macrophages were tracked. (B) Representative images of distant macrophage tracks in the wounded tail fin of 3 dpf tlr2+/+ or tlr2– /– larvae at frame 1, frame 60, and frame 120. Time interval between two successive frames is 1 min. Each color track represents an individual macrophage. Cell tracking movies are shown in Supplementary Movies S13, S14). Scale bar: 50 μm. (C) Distance to the wound. Black dash line represents average distance to the wound. Each color line represents one cell. (D–I) Quantification of distant macrophage tracks. In (D–F,H), each color indicates a different larva. There was a significant difference between the groups in terms of mean speed (D), net displacement (E), meandering index (F), MSD (red) and fitted MSD (black) (G), and mean VAP (H) of macrophages. The shaded regions in MSD (G) and mean VAP over time (I) indicate standard error of the mean. Statistical analyses were done with 6 and 8 fish, respectively, for each group. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance, *P < 0.05, **P < 0.01, ****P < 0.0001) and data are shown as mean ± SD. Sample size (n): 23, 22 (D–F,H).
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FIGURE 8. Quantification of distant macrophages behavior in wounded myd88 mutant and sibling control larvae. (A) Experimental scheme. Myd88+/+ and myd88– /– larvae were wounded at 3 dpf. The red dashed line shows the site of wounding. Macrophages of wounded zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For cell tracking analysis, cells localized outside an area of 200 μm from the wounding edge toward the body trunk were counted as distant cells. Blue dashed box shows the area where distant macrophages were tracked. (B) Representative images of distant macrophage tracks in the wounded tail fin of 3 dpf myd88+/+ or myd88– /– larvae at frame 1, frame 60 and frame 120. Time interval between two successive frames is 1 min. Each color track represents an individual macrophage. Cell tracking movies are shown in Supplementary Movies S15, S16). Scale bar: 50 μm. (C) Distance to the wound. Black dash line represents average distance to the wound. Each color line represents one cell. (D–I) Quantification of distant macrophage tracks. In (D,F,H), each color indicates a different larva. There was a significant difference between the groups in terms of mean speed (D), net displacement (E), meandering index (F), MSD (red) and fitted MSD (black) (G) and mean VAP (H) of macrophages. Statistical analyses were done with 9 and 8 fish, respectively, for each group. The shaded regions in MSD (G) and mean VAP over time (I) indicate standard error of the mean. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance, ∗∗P < 0.01, ∗∗∗P < 0.001, ****P < 0.0001) and data are shown as mean ± SD. Sample size (n): 50, 44 (D–F,H).


To quantify differences in macrophage migration behavior between tlr2 and myd88 mutants and their wild type siblings, we first analyzed whether the deficiency of tlr2 and myd88 can affect macrophage mean migration speed upon wounding. Following tail wounding, both distant and local resident macrophages migrate more slowly in the tlr2–/– and myd88–/– mutant groups than in the wild type sibling controls (Figures 7D, 8D and Supplementary Figures S6D, S7D). In addition to manual cell tracking analysis we also performed automatic cell tracking by using a Viterbi Algorithm (Magnusson et al., 2015; Supplementary Figure S8). The results from this automated 3D cell tracking confirm the significant difference in mean speed between mutant and sibling macrophages (Supplementary Figure S8).

Subsequently, we studied the directional persistence of macrophage migration upon wounding. To this end, we quantified the net displacement, meandering index and mean VAP in the tlr2 and myd88 mutants and siblings. The net displacement of the distant macrophages (Table 1, Eq. 1) was reduced in the tlr2–/– and myd88–/– mutants compared to the controls (Figures 7E, 8E). The meandering index (Table 1, Eq. 3) and mean VAP of distant macrophages were also significantly decreased in the tlr2–/– and myd88–/– groups (Figures 7F,H, 8F,H). However, no significant differences in net displacement were found in local resident tlr2 and myd88 macrophage groups (Supplementary Figures S6E, S7E). The trend of mean VAP over time is similar to the one observed for distant neutrophils, in that tlr2+/+ and myd88+/+ macrophages have a higher mean VAP than tlr2–/– and myd88–/– macrophages during the entire tracking period. The mean VAP of macrophages is positive for a longer period of time compared to the neutrophils, as the majority of macrophages have not reached the wound site during the 2 h time span.

The differences in speed and directionality also became apparent from the differences in MSD between the tlr2+/+ and myd88+/+ distant macrophages vs. the tlr2–/– and myd88–/– distant macrophages (Figures 7G, 8G). The MSD (Table 1, Eq. 5) is lower for the tlr2–/– and myd88–/– macrophages, which can reflect a speed reduction and/or a lowered directional persistence. A decreased directional persistence can also be seen through the shape of the MSD curve. For tlr2+/+ and myd88+/+ distant macrophages, the MSD curve, especially at short time intervals dt, has a parabolic shape, indicating straight cell trajectories. For tlr2–/– and myd88–/–, however, the MSD curve has a more linear shape, indicating random cell motility. Finally, the cell diffusivity D is also decreased in the tlr2–/– (38 μm2/min) and myd88–/– (221 μm2/min) macrophage groups compared to the tlr2+/+ (132 μm2/min) and myd88+/+ (284 μm2/min) macrophage groups. In summary, the data show that both tlr2 and myd88 mutations affect distant macrophage migration speed and directional persistence upon tail wounding.



DISCUSSION

In this study we visualized cell migration in tlr2 and myd88 mutants using live-imaging in a zebrafish tail wounding model. Thereby we demonstrated that these genes play a crucial role to control the migration of both neutrophils and macrophages upon tissue wounding. Like in mammals, neutrophils and macrophages play a dominant role in the wounding response during the first several hours after zebrafish tail fin wounding (Gray et al., 2011; Li et al., 2012; Xie et al., 2019). In mice, it has been shown previously that TLR signaling plays a role in controlling infiltration of neutrophils and macrophages into injured tissue (Schauber et al., 2007; Castoldi et al., 2012; Xu et al., 2013; Moles et al., 2014). The function of TLR signaling in migration to epithelial wounds has only been studied so far in zebrafish larvae (Deng et al., 2012). This study found that knock-down of myd88 by morpholinos impairs the infiltration of neutrophils into the wound area, but the mechanisms underlying such reduced wound infiltration remained unknown. By using double transgenic lines, here we show that tlr2 and myd88 are both essential for directed migration of distant neutrophils and macrophages to the wounded tissue. The meandering index (Figure 4 and Table 1, Eq. 3) of distant neutrophils and macrophages was significantly decreased in tlr2 and myd88 mutant larvae compared with wild type sibling control groups (Figures 5F, 6F, 7F, 8F). Moreover, the migration speed of distant and local resident macrophages was decreased upon wounding in the tlr2 and myd88 mutants (Figures 7D, 8D and Supplementary Figures 6D, 7D), but not in unchallenged larvae. In summary, our data suggest that TLR signaling regulates neutrophil and macrophage migration upon wounding by controlling their directional persistence and the migration speed of macrophages (Figure 9).
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FIGURE 9. Graphic summary of the data of cell migration behavior in the tlr2 and myd88 mutants and wild type siblings. (A) Cell migration behavior in the wild type siblings. (B) Cell migration behavior in the tlr2 mutant. (C) Cell migration behavior in the myd88 mutant. In all cases, the green and red tracks are representative for the medians of the measured total displacements and net displacements in the anteroposterior axis of distant neutrophils and macrophages, respectively. The number of drawn leukocytes at the wound are only representing estimates of the relative numbers in the different genotypes. For the wild type sibling the tlr2+/+ sibling was used as an example (A).


The difference in directional persistence of the distant neutrophils and macrophages in the mutant shows already within 3 h post wounding, suggesting that TLR signaling is involved in direct sensing of signals from the wound at the post-transcriptional level. However, since TLRs have not been implied in sensing meandering gradients, we assume that this function involves other receptors. Tlr2 has been shown to be essential for the regulation of cytokines and chemokines expression in both mice and zebrafish (Moles et al., 2014; Hu et al., 2019). For instance, we have shown that a tlr2 mutant shows a significant lower expression of cxcl11aa and also of a related chemokine, cxcl11ac, during mycobacterial infection. The CXCR3-CXCL11 chemokine-signaling axis has been demonstrated to play an essential role not only in the infection process and but also in the inflammation process by regulating leukocyte trafficking (Torraca et al., 2015; Sommer et al., 2020b). It is possible that an insufficient level of basal transcripts for chemokines at the time of wounding is responsible for the observed defects in leukocyte migration behavior. It is also possible that DAMPs released by dead cells around the wound do not lead to secretion of chemokines in the absence of TLR signaling. DAMPs are well known for activating PRRs and then activating downstream chemokines and cytokines secretion (Niethammer, 2016). Molecules that can function as DAMPs and associated recognition factors during tissue injury such as hyaluronic acid and HMGB1, have been shown to be directly recognized by TLRs in tissues (Jiang et al., 2005; Bianchi, 2009; Komai et al., 2017). Chemokines can be produced by leukocytes which are exposed to reactive oxygen species (ROS) produced by injury (Yamamoto et al., 2008; Soehnlein and Lindbom, 2010). Moreover, previous studies have demonstrated that ROS are required for leukocyte recruitment upon wounding in the zebrafish larval model, showing its function in long range chemotaxis to arachidonic acid (Niethammer et al., 2009; Katikaneni et al., 2020). It has been demonstrated that the generation of ROS is related to TLR signaling in inflammation and tissue injury (Mittal et al., 2014). For example, Shishido et al. (2006) found that TLR2 mediates the generation of ROS after vascular injury. Thus, it is interesting to further study whether the generation of ROS may be altered in tlr2 and myd88 mutant zebrafish larvae. In addition, it is possible that the function of other TLRs can be affected in a TLR2 mutant upon tissue wounding. For example, the mRNA expression of TLR4 was decreased in TLR2-deficient mice, which indicated that TLR2 can cooperate with TLR4 to play a role upon tissue wounding (Suga et al., 2014; Chen and DiPietro, 2017). Taken together, these studies suggest that TLR signaling is implicated in the sensitivity to signaling molecules secreted by the wound, explaining why less infiltration of neutrophils and macrophages is observed in tail wounds of the tlr2 and myd88 mutants. Future research should be aimed at experiments investigating the cell autonomous nature of the function of TLR signaling in leukocyte cell migration behavior in response to wounding.

To study the mechanistic basis of the differences in cell migratory behavior, mathematical and computational models can also provide insights. Chemokine and ROS gradients can easily be modeled by partial differential equations (PDEs). These can also be incorporated into cell chemotaxis models, such as random walk models, phase field models, or the Cellular Potts model, with varying degrees of cell resolution, to study the chemotaxis of leukocytes. Such models could provide quantitative insights into how chemokine and ROS gradients affect the migration behavior of the leukocytes, and how the cells change these gradients by binding or secretion of chemokines or absorption and metabolizing ROS (Donà et al., 2013) which is known to affect the robustness of chemotaxis (Tweedy et al., 2016). Using Bayesian inference on tracking data, one can infer a number of chemotaxis parameters, such as the flow rate, diffusion coefficient and production time of the chemoattractant (Manolopoulou et al., 2012). Furthermore, simulated tracks can be compared to experimentally derived tracks. Altogether, such quantitative approaches in close interaction with new experiments could help demonstrate that the chemokine or ROS gradients are affected by the tlr2 and myd88 mutations. For such experiments we will need larger data sets than were currently obtained. This was partially due to the limitations of manual cell tracking. Therefore, in follow-up experiments with larger datasets, the tracking needs to be automated. Consequently, we plan to develop further optimized automatic tracking methods based on the used Viterbi algorithm to quantify larger data sets.

Better theoretical cell migration analysis methods will also be useful for studying subsequent phases of the inflammatory response after wounding (Soehnlein and Lindbom, 2010). This can assist us in future studies focused on examining the involvement of the TLR signaling in neutrophil reverse migration and in the repair of wounded tissue. Previously we have reported that myd88 mutant larvae that were raised under germ-free conditions show increased macrophage and decreased neutrophil numbers in the gut (Koch et al., 2019). This indicates that the function of TLR signaling in leukocyte migration is dependent on the gut microbiota. It will be highly interesting to test whether the response of leukocytes to tail wounding is also dependent on the microbiome.
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Insulin resistance and cachexia represent severe metabolic syndromes accompanying a variety of human pathological states, from life-threatening cancer and sepsis to chronic inflammatory states, such as obesity and autoimmune disorders. Although the origin of these metabolic syndromes has not been fully comprehended yet, a growing body of evidence indicates their possible interconnection with the acute and chronic activation of an innate immune response. Current progress in insect immuno-metabolic research reveals that the induction of insulin resistance might represent an adaptive mechanism during the acute phase of bacterial infection. In Drosophila, insulin resistance is induced by signaling factors released by bactericidal macrophages as a reflection of their metabolic polarization toward aerobic glycolysis. Such metabolic adaptation enables them to combat the invading pathogens efficiently but also makes them highly nutritionally demanding. Therefore, systemic metabolism has to be adjusted upon macrophage activation to provide them with nutrients and thus support the immune function. That anticipates the involvement of macrophage-derived systemic factors mediating the inter-organ signaling between macrophages and central energy-storing organs. Although it is crucial to coordinate the macrophage cellular metabolism with systemic metabolic changes during the acute phase of bacterial infection, the action of macrophage-derived factors may become maladaptive if chronic or in case of infection by an intracellular pathogen. We hypothesize that insulin resistance evoked by macrophage-derived signaling factors represents an adaptive mechanism for the mobilization of sources and their preferential delivery toward the activated immune system. We consider here the validity of the presented model for mammals and human medicine. The adoption of aerobic glycolysis by bactericidal macrophages as well as the induction of insulin resistance by macrophage-derived factors are conserved between insects and mammals. Chronic insulin resistance is at the base of many human metabolically conditioned diseases such as non-alcoholic steatohepatitis, atherosclerosis, diabetes, and cachexia. Therefore, revealing the original biological relevance of cytokine-induced insulin resistance may help to develop a suitable strategy for treating these frequent diseases.
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INTRODUCTION

Both cachexia and insulin resistance are in the spotlight of immuno-metabolic research and represent the most important comorbidities that often accompany acute and chronic inflammatory states and complicate their treatment (Fonseca et al., 2020). Cachexia, literally meaning “bad condition,” is a metabolic syndrome of excessive weight loss and muscle wasting caused by alterations in appetite and the overall metabolic setup (Yang et al., 2020). The progressive development of insulin resistance to pre-cachexia and cachexia, which is defined as a loss of more than 5% of the cell body mass over 12 months or less, is known to be a hallmark for a wide range of seemingly unrelated diseases, such as obesity, cancer, chronic obstructive pulmonary disease, acute kidney disease, and sepsis (Mak and Cheung, 2006; Koehler et al., 2007; Srikanthan et al., 2010; Honors and Kinzig, 2012). Nevertheless, the mechanism of induction of these frequently occurring metabolic syndromes remains to be elucidated.

The origin of insulin resistance and cachexia relies on the activity of immune cell-derived signaling factors and is thus a result of excessive activation of the immune system (Olefsky and Glass, 2010). However, the biological relevance of such signaling has not been fully comprehended yet. It is mainly due to the prevailing perception of the cytokine-induced insulin resistance as a mere side effect of pathological syndromes and insufficient effort to reveal its adaptive meaning. The complexity of the mammalian immune system, as well as pleiotropic effects of most immune cell-derived factors, further complicate the resolution of this intricate relationship (Stenholm et al., 2008; Del Fabbro et al., 2011).

Recent progress in insect immuno-metabolic research revealed that cytokine-induced insulin resistance is not a mechanism occurring exclusively in vertebrates. Indeed, we may observe several physiological conditions in which immune cells release cytokines to affect the systemic metabolism via induction of insulin resistance in Drosophila, such as metabolic misbalance and development, as well as immune response (Rajan and Perrimon, 2011; Woodcock et al., 2015; Lee et al., 2018; Dolezal et al., 2019). These states document the preservation of this mechanism among such evolutionarily distant groups as insects and mammals. To be maintained in the evolution, we might presume that cytokine-induced insulin resistance represents an ancient adaptive process of systemic metabolic rearrangement.

Here, we would like to present several recent observations depicting that Drosophila activated immune cells affect systemic metabolism via the induction of insulin resistance to ensure sufficient supplementation with nutrients for their function (Figure 1 and Box 1). Although this mechanism is necessary for the acute phase of the immune response (Yang et al., 2015; Bajgar and Dolezal, 2018; Dolezal et al., 2019), it may lead to nutrient wastage if chronic, and prolonged reallocation of sources may become the basis for the development of many serious pathological conditions.
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FIGURE 1. Schematic representation of the “selfish immune system theory.” Infection-activated macrophages adopt Hif1α-induced aerobic glycolysis and subsequently release signaling factors to ensure sufficient amount of nutrients to supplement the immune function. Hif1α, hypoxia-inducible factor 1 α.



BOX 1. Hypothesis.

We hypothesize that activated phagocytes produce signaling factors to reflect their current nutritional demands upon adoption of aerobic glycolysis. These factors induce mobilization of nutrients and silence their consumption by non-immune tissues via insulin resistance, leaving thus enough of sources for the activated immune system. Release of these signaling factors is thus beneficial for the acute immune response; however, it may lead to energy wasting and development of severe pathologies if produced chronically (Figure 1).



Innate immune cells performing the phagocytic function represent the front line of protection against invading pathogens (Franken et al., 2016). Individuals, therefore, tend to maximize the number of these protectors participating in phagocytosis and clearance of pathogen (Kacsoh and Schlenke, 2012; Mihajlovic et al., 2019). Nevertheless, the maintenance of an excessive number of metabolically demanding phagocytes would be highly energy-intensive with subsequent adverse impact on concurrent energy-consuming processes, such as growth and reproduction (Wolowczuk et al., 2008). Therefore, animals have developed a strategy to overcome these evolutional constraints by maintaining a sufficient number of immune cells in a quiescent state as well as by proliferation of their progenitors upon immune challenge. Quiescent phagocytes exhibiting only a basal metabolic rate are thus waiting for the activation stimuli ready to be metabolically awakened and to participate in the acute immune response (Mosser and Edwards, 2008). In plentiful times, individuals can fully exploit the surplus energy to maintain homeostasis, growth, and reproduction as processes based mainly on anabolic metabolism (Wang et al., 2019). That is in sharp contrast to the situation of life-threatening infection. In response to the recognition of pathogen-associated molecular patterns, activated immune cells such as monocytes, macrophages, dendritic cells, and neutrophils, must react rapidly to limit the pathogen burden and adopt a bactericidal polarization phenotype (Galván-peña and O’Neill, 2014; Loftus and Finlay, 2016). However, the immediate activation of a large number of these cells toward the bactericidal phenotype (also known as pro-inflammatory) represents an immense energy load for the organism (Demas, 2004; Edholm et al., 2017). The nutritional investments connected with the acute phase response are further increased by the proliferation of immune cell progenitors and their differentiation toward effector cells upon activation of the immune response.

Professional phagocytes must rewire their cellular metabolism greatly to become efficient in bacterial killing (Pavlou et al., 2017). It is well established particularly for mammalian bactericidal macrophages that they undergo metabolic polarization toward aerobic glycolysis as a predominant source of energy and a precursors essential for bactericidal function (Benoit et al., 2008). Similarly to macrophages, the increased glycolytic rate and other metabolic adjustments were later confirmed also for neutrophils, dendritic cells, effector lymphocytes, and natural killer cells (Loftus and Finlay, 2016). Interestingly, adoption of aerobic glycolysis by immune cells may originate not only in response to bacterial invaders but can also be induced by excessive lipid uptake (Box 2).


BOX 2. Excessive lipids induce adoption of macrophage pro-inflammatory phenotype.

It is of particular interest that the adoption of pro-inflammatory Ml polarization can be induced even without the presence of a pathogen. That is in concordance with the previously mentioned fact that HIFlα stabilization, central for induction of bactericidal macrophage polarization, may be achieved either by TLR4 activation or by metabolic feedback from mitochondrial metabolism (Iommarini et al., 2017). It underpins many metabolically induced inflammatory diseases with a significant impact on human well-being, such as obesity, non-alcoholic fatty liver disease, atherosclerosis, and diabetes (Kraakman et al., 2014; Castoldi et al., 2016; Kazankov et al., 2019).

Exposure of macrophages to excessive amounts of lipids can lead to the adoption of pro-inflammatory polarization of macrophages. The effect of lipids on macrophages is dual. The increased concentration of lipids in the extracellular space is recognized by TLR4 and, analogically to infection, leads to the stabilization of HIFlα via the NFKB signaling pathway (Hubler and Kennedy, 2016; Korbecki and Bajdak-Rusinek, 2019). In addition, lipids are efficiently internalized by macrophages via receptor-mediated endocytosis (Park, 2014). Because there is no feedback on lipid uptake by macrophages, it leads to a massive accumulation of oxidized lipids and cholesterol in the cytosol of these cells, followed by disruption of mitochondrial function (Gibson et al., 2018). Lipid peroxidation catalyzed by free iron ions, together with ROS accumulation, leads to disruption of mitochondrial function by activating the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) (Dodson et al., 2019). NRF2 triggers the expression of a number of genes responsible for the sequestration of free iron and enzymes that neutralize the oxidative potential of ROS (Tonelli et al., 2018). Therefore, the accumulation of both internal and external lipids results in HIFlα stabilization and the adoption of AG. It seems that macrophages are predetermined for this detoxification function by exploiting a whole set of genes involved in lipid metabolism and thus help to cope with ectopic lipid deposition (Bobryshev et al., 2016).

Under conditions in which macrophages are exposed to excessive lipids for a time-restricted period, such as aerobic exercise, intermittent fasting, and caloric restriction, induction of mild mitochondrial stress may be beneficial for the organism. This phenomenon, called mitohormesls, alleviates systemic insulin signaling, which has a positive impact on lifespan (Ristow and Schmeisser, 2014). Nevertheless, prolonged exposure of macrophages to lipids leads to the adoption of pro-inflammatory phenotypes and chronic insulin resistance (Shin et al., 2017). During obesity, macrophages are thought to cause cytokine-induced insulin resistance in adipose tissue, the liver, and, subsequently, the whole organism (Marette, 2002; Tilg and Hotamisligil, 2006; Makki et al., 2013).

Activation of macrophages by excessive lipids may explain several metabolic syndromes such as adipose tissue inflammation, non-alcoholic liver steatosis, atherosclerosis, diabetes, and cachexia. This hypothesis is in concordance with clinical observations and experiments carried out on mice, in which the amelioration of macrophage polarization by anti-inflammatory agents and drugs affecting lipid metabolism leads to significant improvement of these syndromes in obese individuals (Bellucci et al., 2017; Koelwyn et al., 2018).



Although the term “aerobic glycolysis” sensu stricto refers to lactic acid fermentation of glucose, here we perceive it as a complex phagocyte metabolic program including, in addition, increased pentose phosphate pathway, lipid synthesis, and the mevalonate pathway, as well as a rewired flow of the Krebs cycle (Mills and O’Neill, 2016; Nonnenmacher and Hiller, 2018). Such metabolic adaptation affects also nutritional demands of these cells and makes them functionally dependent on external supplementation. Since the availability of nutrients may become limiting for the adoption of bactericidal polarization (Nagy and Haschemi, 2015; Ganeshan et al., 2019), they have to secure sufficient availability of sources in circulation and gain an advantage over the surrounding tissues in their use. Therefore, activated professional phagocytes release signaling factors regulating both local and systemic energy in order to usurp enough sources for an acute immune response (Khovidhunkit et al., 2004; Soeters and Soeters, 2012; Straub, 2014; Dolezal, 2015; Figure 1 and Box 1).

Besides the mobilization of sources from central energy-storing organs, such as adipose tissue and the liver, it is fundamental to limit the consumption of nutrients by other processes unrelated to the immune response (Almajwal et al., 2019). The privileged status of immune cells in reaching the nutrients is justified since making the immune response the most efficient is often a question of life and death. Although such behavior of the immune cells is for the sake of the individual, the usurpation of sources may be interpreted as selfish if viewed from the perspective of inter-organ competition for sources. Immune cell-derived signaling factors responsible for such systemic metabolic switch may be hence called selfish immune factors (SIFs) (Bajgar et al., 2015; Dolezal et al., 2019).

Insulin signaling is the central signaling pathway regulating the balance between anabolic and catabolic processes in the body (Schwartsburd, 2017). We may, therefore, presume that antagonism of insulin signaling is the most straightforward strategy to reroute energy flows from maintenance, growth, and reproduction to its fast utilization by the activated immune system. Cytokine-induced deterioration of insulin signaling leads to an increased titer of circulating energy-rich compounds such as glucose, lipoproteins, and amino acids (Felig et al., 1969; Salazar et al., 2018; Cho et al., 2019). The impact of infection-induced insulin insensitivity on the systemic metabolism highly resembles hyperglycemia and hyperlipidemia as hallmark states of chronic insulin resistance and cachexia (Khovidhunkit et al., 2004; de Luca and Olefsky, 2008; Shi et al., 2019). However, the regulation of energy homeostasis in mammals is substantially influenced also by other metabolism-related hormones such as cortisol and catecholamines, particularly noradrenalin and norepinephrine that should not be omitted for their effects on nutrient mobilization in situation of metabolic stress (Marik and Bellomo, 2013).

In the presented perspective, insulin resistance and subsequent pre-cachectic state induced by immune cell-derived factors may be perceived as an adaptive metabolic adjustment essential for the effective fight of invading pathogens. However, mobilization of nutrients and their altered distribution in the body may become detrimental if chronic and may progress to the development of several human pathological states.

In the following paragraphs, we would like to present several lines of evidence supporting this perspective. Although gained mostly by the research of immuno-metabolism in insects, these observations are in concordance with many data from mice models and humans. Since the metabolic switch of innate immune cells is best comprehended for macrophages, we will focus in this review mainly on these cells. The hypothetical model discussed in this review is based on knowledge of biology of both mammalian macrophages as well as Drosophila professional phagocytes, called plasmatocytes. Their basic characteristics and the features resembling mammalian macrophages and neutrophils are further described in Box 3. To specify that the presented information concerns Drosophila phagocytes, these cells will be always denoted here as plasmatocytes.


BOX 3. Drosophila as a model for immuno-metabolic research.

Over the last century, Drosophila has become a very universal and suitable model organism for the study of many human diseases. The simplicity of Drosophila, the existence of readily available transgenic strains, as well as the possibility of tissue-specific and time-limited knockdown of a particular gene make Drosophila one of the most suitable model organisms for the study of complex systemic metabolic syndromes (Duffy, 2002). In addition, approaches that previously could not be applied due to the lack of input material from such a small organism are now possible due to the greater sensitivity of analytical techniques in recent years (Cheng et al., 2018).

The Drosophila immune system consists of several layers of protection of an individual, which consist of two main branches of the humoral and cellular immune response. In addition to immune cells, the fat body also participates in immune responses, as the central metabolic organ supports the immune response by releasing resources and producing antimicrobial peptides (Melcarne et al., 2019). Although Drosophila may develop a characteristic immune response against underlying types of pathogens, such as gram-positive and gram-negative bacteria, viruses, and fungi, the adaptive immune response in Drosophila has not been reliably demonstrated (Ferrandon et al., 2007). The Drosophila and mammalian immune systems display a surprising level of homology in the major immune signaling pathways. The antibacterial response consists of the activation of the Toll and Imd signaling pathways, supported by the usual JNK and HIFlα stress response (De Gregorio et al., 2002).

Some observations suggest that the innate immune response to invading pathogens shows certain features of trainability, but the mechanism of this process remains unclear. Drosophila immune cells, called hemocytes, include prohemocytes, plasmatocytes, crystall cells, and lamellocytes. While crystal cells and plasmatocytes are mainly involved in the encapsulation and melanization of foreign objects in the hemolymph, plasmatocytes represent a population of professional phagocytes (Melcarne et al., 2019; Figure 2).
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FIGURE 2. Representative confocal and electron microscopy images of Drosophila macropahges. (A) Adult Drosophila bearing a genetic construct that enables visualization of macrophages (in green HmlGal4 > UAS2xeGFP) and tissue expressing lactate dehydrogenase (LDH-mCherry). (B) Confocal image depicting growth of streptococcus in dissected Drosophila abdomen (green—S. pneumoniae, red pericardial cells, cyan—DAPI). (C) Confocal image depicting phagocytic events by injection of Drosophila adult with pHrodoTM Red S. aureus BioparticlesTM Conjugate. Macrophages are visualized by endogenously expressed GFP (Crq > GFP) (green—macrophages, red—phagolysosomes). (D) Confocal image depicting endocytosis of low-density lipoproteins by injection of adult fly with pHrodoTM Red-LDL. Macrophages are visualized by endogenously expressed GFP (Crq > GFP) (green—macrophages, red—LDL-containing late endosomes). (E) ImpL2-expressing macrophages interacting with fluorescently labeled S. pneumoniae (green—S. pneumoniae, red—ImpL2 Gal4 > UAS mCherry, white—phalloidin). (F) Pseudo-colored scanning electron micrograph of a macrophage interacting with S. pneumoniae (green—macrophage, purple—S. pneumoniae). (G) Transmission electron micrograph of S. pneumoniae bacteria (white arrows) in a macrophage. Crq, croquemort; ImpL2, imaginal morphogenesis protein late 2; LDL, low-density lipoproteins; S.p., Streptococcus pneumoniae.


Plasmatocytes are the most abundant population of cells in both larvae and adult flies (Figure 2A). These functionally versatile cells are involved in many biological processes (Figure 2F), from embryonic morphogenesis, metamorphosis, and wound healing to protection against invading pathogens (Banerjee et al., 2019). Because phagocytosis and bacterial killing are highly conserved at the level of cell biology, Drosophila plasmatocytes show an exceptional level of similarity to cells of the mammalian innate immune system, especially macrophages and neutrophils. Indeed, plasmatocytes use the same metabolic and signaling pathways for pathogen uptake and destruction in phagolysosomes (Figure 2C) as their mammalian counterparts, including the involvement of a plethora of homologous genes (Browne et al., 2013).

Although plasmatocytes are predominantly considered in the literature as a homogeneous population of phagocytic cells, a single cell transcriptomic analysis of the immune-stimulated larval hemocytes revealed a surprising level of their variability. However, the research of the plasmatocyte subpopulation is still at the beginning and far from distinguishing tissue-resident or specifically primed plasmatocyte subsets (Cattenoz et al., 2020; Tattikota et al., 2020).

Recently, the concept of immuno-metabolism has been developed in mammals, which indicates that several populations of mammalian immune cells must adopt a specific cellular metabolism in order to perform the desired function (Galván-peña and O’Neill, 2014). Although there are still some doubts about an analogous mechanism for Drosophila plasmatocytes, several publications and transcriptomic data document this ability (Krejčová et al., 2019; Cattenoz et al., 2020; Ramond et al., 2020; Tattikota et al., 2020). These observations are necessary not only for a comprehensive understanding of the antibacterial immune response but may become a base for research of many other human diseases that are connected with the pathological metabolic polarization of mammalian immune cells.

Despite the undeniable benefits of the Drosophila model for the study of human diseases, there are certain limits because many Drosophila organs and tissues show a lower level of complexity than in mammals.

Drosophila is currently used extensively to study insulin resistance. Drosophila and mammalian insulin signaling share major components at the level of cell biology (Álvarez-Rendón et al., 2018). However, certain significant differences also need to be taken into account. Drosophila carries eight insulin-like peptides (DILP1-8) that show structural homology to either mammalian insulin or relaxin. Analogous to mammals, Drosophila insulin signaling also reflects the current metabolic status of the individual. DILPs 2, 3, and 5 are thus released by specialized neurosecretory cells in the Drosophila CNS to regulate reproduction, growth and lifespan. While most DILPs activate a single Drosophila insulin receptor, DILP8 binds to its own LGR3 receptor. The situation in humans is even more complicated because, in addition to insulin, we can recognize two insulin-like growth factors, relaxin, as well as several insulin-like peptides. Insulin signaling activity is affected by many convergent signaling pathways and factors, such as hormones of a lipophilic nature, as well as insulin-binding proteins and IGFs (Nässel et al., 2015; Nässel and Broeck, 2016). Thus, an analogy can also be observed in the manner of insulin resistance induction.

Therefore, we believe that ongoing research on the role of the Drosophila immune system in the regulation of systemic metabolism will lead to new discoveries that can be generalized to human medical research.



We believe that we present here a compelling set of information to change the general conception of insulin resistance and pre-cachexia as clearly pathological states. This may help to better comprehend medical treatment in many human diseases.



MACROPHAGE ADOPTION OF A BACTERICIDAL PHENOTYPE IS NUTRITIONALLY DEMANDING

Macrophages, as highly versatile cells, fulfill various tasks in the organism. Besides representing the front line of protection against invading pathogens, macrophages also clear apoptotic cellular debris, maintain tissue homeostasis, and participate in the formation of many morphological structures during development (Wynn et al., 2013; Gordon and Martinez-Pomares, 2017; Theret et al., 2019).

Not surprisingly, the various macrophage tasks require specific settings of cellular metabolism to obtain the optimal amount of metabolites and precursors required for the desired function. That may be depicted, for instance, in the metabolism of amino acid arginine. While macrophages participating in wound healing metabolize arginine to generate growth-promoting ornithine essential for wound reconstruction, bactericidal macrophages use the same amino acid as a precursor for the production of nitric oxide later applied as an efficient bactericidal agent (Mills et al., 2015). This revelation led to later identification of the full spectrum of macrophage polarization states characterized by their metabolic program, with the extremes represented by healing and bactericidal polarizations (Mosser and Edwards, 2008). Interestingly, the metabolic settings are determinative of macrophage function, and a mere metabolic setting has the potential to change the polarization phenotype (Galván-peña and O’Neill, 2014).

Upon pathogen infiltration, macrophages have to recognize, entrap, engulf, and destroy the invaders in the phagolysosome (Diskin and Pålsson-McDermott, 2018). There is no doubt that these processes are connected with excessive energy expenditure and a need for a synthesis of a high amount of precursors for the production of bactericidal agents, signaling molecules, as well as remodeling of cytoskeleton and cellular membrane. It has been estimated that the cellular membrane of activated macrophage turns over completely every 30 min due to accelerated endocytosis and micropinocytosis (Werb and Cohn, 1972). Besides membrane remodeling, phagocytosis also requires a high amount of energy. The ATP required for phagocytosis of a single polystyrene particle has been estimated to cost about 109 ATP molecules (Karnovsky, 1962). The subsequent generation of a sufficient amount of ROS and myeloperoxidase for bacterial killing in the phagolysosome is another metabolically demanding process. The production of ROS, as well as compensation of its cytotoxicity, depends on sufficient availability of NADPH in cells. Therefore, macrophages must substantially increase the flow rate of the metabolic pathways producing this reducing agent (Panday et al., 2015).

To cover the sudden requirements arising from bactericidal function, macrophage has to adjust the overall metabolic setup, i.e., glycolysis, pentose phosphate pathway, mevalonate pathway, as well as the mitochondrial cycle of tricarboxylic acids and oxidative phosphorylation (Galván-peña and O’Neill, 2014). Such a complex rearrangement is orchestrated by central metabolic regulator Hypoxia-inducible factor 1 alpha—Hif1α (Corcoran and O’Neill, 2016; Wang et al., 2017). This stress-related transcription factor, originally discovered in research of hypoxia, is constitutively produced and degraded by all cells in the body (Marxsen et al., 2004). That is particularly important for immediate initiation of Hif1α activity since mere inhibition of its degradation suffices to stimulate expression of its target genes (Watts and Walmsley, 2019). Stabilized HIF1α triggers the expression of more than a hundred genes under the control of the hypoxia response element (Dengler et al., 2014). The unique metabolic program established by the activity of HIF1α is generally called aerobic glycolysis. Between HIF1α-target genes, we can find mostly enzymes directly participating in metabolic pathways upregulated in aerobic glycolysis or regulating their flow rate, as will be mentioned below (Figure 3).
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FIGURE 3. Schematic representation of the proposed hypothetical model. In infection-activated macrophages, HIF1α stabilization leads to adoption of aerobic glycolysis, which is a highly energy demanding metabolic program. Aerobic glycolysis is interconnected with the production of selfish immune factors. These molecules affect remotely the metabolism of the main storage organs via induction of insulin resistance, leading to FOXO nuclear translocation and induction of mobilization of sources. This results in elevated titer of circulating carbohydrates and lipids, which are thus utilized by bactericidal macrophages to supplement their increased energy demands. Such inter-organ communication is essential for resistance to infection by extracellular pathogen, but may be maladaptive upon its chronic activation or in case of infection by intracellular bacteria. Hif1α, hypoxia-inducible factor 1 α; FOXO, forkhead box O; Upd3, unpaired 3; ImpL2, Imaginal morphogenesis protein late 2; IGFBP7, insulin-growth factor binding protein 7; IL-6, interleukin 6; eAdo, extracellular adenosine; SIFs, selfish immune factors.


Many different signaling cascades converge on prolyl hydroxylase dehydrogenase (PHD), the enzyme responsible for HIF1α degradation. PHD requires several metabolic products as essential cofactors for its enzymatic activity. From the most prominent, we should mention oxygen, Fe2+ ions, and α-ketoglutarate as a product of canonically running Krebs cycle (Iommarini et al., 2017). Although originally described in hypoxia, HIF1α stabilization may be achieved even under normoxic conditions as may be observed in macrophages stimulated by pathogen-associated molecular patterns or pro-inflammatory cytokines (Iommarini et al., 2017). These ligands activate toll-like receptor 4 (TLR4), which further enhances a Nuclear Factor kappa B (NF-κB)-signaling pathway. As an outcome of NFkB activity, the cytosolic Fe2+ ions are sequestered by the major iron-storage protein ferritin. Lack of Fe2+ as a crucial cofactor of PHD thus causes HIF1α stabilization and substantial remodeling of overall cellular metabolism (Siegert et al., 2015). It should be noted that TLR4 may also be activated by endogenous ligands such as extracellular matrix components, oxidized lipids, and lipoproteins (Erridge, 2010).

Besides extracellular stimuli, HIF1α stabilization may be achieved by the cytosolic accumulation of several metabolic intermediates originating from the mitochondrial Krebs cycle. It has been documented that lactate, succinate, itaconate, pyruvate, and 2-hydroxyglutarate impair PHD ability to degrade HIF1α (Koivunen et al., 2007; Bailey and Nathan, 2018). This interconnection seems to be adaptive for overcoming hypoxic states since an accumulation of these metabolites in the cytosol is a hallmark of mitochondrial dysfunction (Garedew and Moncada, 2008; Prabakaran, 2015). Even though this mechanism enables cells to reflect their current metabolic state, it makes HIF1α stabilization dependent on elevated flow through metabolic pathways enhanced in aerobic glycolysis. Therefore, cells employing aerobic glycolysis are highly sensitive to the availability of sources. Early experiments using LPS as a classic way to activate macrophages showed that macrophages functionally depend on sufficient concentrations of glucose, glutamine, and lipids in the culture medium (Newsholme et al., 1986). Further in vitro investigation of nutrient uptake and trafficking fully elucidated the complexity of HIF1a-mediated metabolic changes and the utilization of these nutrients by bactericidal macrophages (Stunault et al., 2018).

An immense uptake of glucose is one of the hallmarks of bactericidal macrophages. That may be explained by its utilization as a primary energy resource as well as a substrate for the generation of NADPH and nucleotides in the pentose phosphate pathway (Yamashita et al., 2014). Consistently, glucose-6-phosphate dehydrogenase, which catalyzes the first step in pentose phosphate pathway, is known to be triggered by HIF1α (Gao et al., 2004). Interestingly, the glucose energy potential is not fully exploited since pyruvate as the end-product of glycolysis is not entering the mitochondria for its full oxidation. Due to HIF1α transcriptional activity, it is instead preferentially converted to lactate by lactate dehydrogenase and excluded from the cell through monocarboxylate transporter 4 (Firth et al., 1995; Kim et al., 2006). Via increased glycolytic flux, cells avoid the time-consuming transport of pyruvate into the mitochondrial lumen that otherwise represents the rate-limiting step of ATP generation (Thomas and Halestrap, 1981). Thanks to that, the glycolytic flux may be increased even a hundred times, thus fully compensating for the lower efficiency of ATP generation. The acceleration of glycolysis is also under the control of HIF1α, which regulates the expression of rate-limiting glycolytic enzymes hexokinase II and phosphofructokinase-1 (Riddle et al., 2000; Obach et al., 2004). Pyruvate conversion into lactate, together with pentose phosphate pathway, serves as a mechanism generating sufficient amounts of NADPH to be utilized for ROS production as well as self-protection against its detrimental effects (Riganti et al., 2012).

Despite the generation of sufficient amounts of ATP by glycolysis, mitochondrial metabolism is still crucial for activated macrophages (Sancho et al., 2017). Indeed, many Krebs cycle intermediates have been shown to be essential for macrophage bactericidal function. Since HIF1α-elevated expression of pyruvate dehydrogenase kinase diverts the pyruvate from entering the mitochondria, there must be an alternative way for Krebs cycle supplementation. The flow of the Krebs cycle is sustained by using glutamate as an initial precursor for the synthesis of Krebs cycle intermediates. To supplement the Krebs cycle by glutamate, HIF1α increases the expression of glutamine transporters SLC1A5 and SLC38A2 (Chen et al., 2001). Since the Krebs cycle is replenished from a different direction than usual, it produces several intermediates in opposite directions and was therefore referred to as the “broken Krebs cycle” (O’Neill, 2015). Consequently, the concentration of several Krebs cycle intermediates varies substantially in the cytosol. While overproduced itaconate and fumarate are used directly to fight the pathogen extracellularly, citrate is used as a substrate for the synthesis of fatty acids and glutathione (Rouzer et al., 1982). However, the broken Krebs cycle does not generate enough precursors to fuel the oxidative phosphorylation. The canonical function of oxidative phosphorylation is thus disabled, and cells cannot employ cellular respiration (Ramond et al., 2019). Although bactericidal macrophages generate ATP independently from oxygen, their activity is often associated with a high oxygen consumption rate (OCR) when metabolically analyzed under controlled in vitro conditions (Van den Bossche et al., 2015). This can be explained by the massive utilization of oxygen for the generation of reactive oxygen and nitric species (ROS/RNS) later used for bacterial killing in phagolysosomes and oxidative burst (Forman and Torres, 2002). Indeed, an expressional increase in Nitric oxide synthase is triggered by the transcriptional activity of HIF1α (Matrone et al., 2004). ROS are produced by the NADPH-oxidase complex as well as the reversed mitochondrial electron transport chain. Production of ROS/RNS thus depends on the utilization of ATP, NADPH, and their effective regeneration (Xu et al., 2016; Scialò et al., 2017).

A considerable amount of ROS must be generated for bacterial killing in phagolysosomes. However, with increasing concentration of ROS, also the risk of lipid peroxidation and subsequent cell death rises. Bactericidal macrophages invest many sources to cascades producing a sufficient amount of neutralizing reductive compounds. Citrate and glutamate are exploited for the generation of glutathione, which protects thus macrophages from self-harming by otherwise bactericidal ROS (Kwon et al., 2019).

Finally, yet importantly, the difference can also be seen in the utilization of lipids if comparing quiescent and bactericidal macrophages. While resting macrophages use a relatively small amount of lipids mainly as a source of energy from fatty acid oxidation, upon infection, HIF1α-induced activity of sterol regulatory element-binding proteins and peroxisome proliferator-activated receptors lead to the accumulation of fatty acids and cholesterol (Shen and Li, 2017; Mylonis et al., 2019). That may be attributed to increased uptake of lipids in the form of lipoproteins as well as a rise in lipid synthesis. Uptake of lipoproteins [via scavenger receptor CD36, very-low-density lipoprotein receptor (VLDL-R) and low-density lipoprotein receptor-related protein 1 (LRP1)] as well as their synthesis increases in a HIF1α-dependent manner (Krishnan et al., 2009; Castellano et al., 2011; Mylonis et al., 2012; Shen et al., 2012; Maier et al., 2017), which further supports the perception of HIF1α as a master-regulator of aerobic glycolysis in bactericidal macrophages. However, the involvement of this regulation upon infection has not been fully comprehended yet. Contrary, the utilization of fatty acids for energy generation via fatty acid oxidation is significantly decreased upon HIF1α stabilization (Remmerie and Scott, 2018). Even though the use of lipids by macrophages upon infection has not been fully elucidated yet, we can presume their deployment for remodeling of the cellular membrane, formation of cholesterol rafts, synthesis of catecholamines, trained immunity, as well as inflammasome activation (Bekkering et al., 2018; Remmerie and Scott, 2018).

As we depicted above, the adjustment of macrophage central metabolic pathways is fundamental for the engulfment of bacteria and its killing. However, this relationship has been omitted for a long time in insects. Nevertheless, phagocytosis and clearance of invading pathogens is an evolutionarily highly conserved process even on the molecular level and, therefore, plasmatocytes as Drosophila professional phagocytes (Figure 2 and Box 3) should have the same requirements for energy and precursors (Stuart and Ezekowitz, 2008; Browne et al., 2013). The position of plasmatocytes in fly’s body (Figure 2A), their morphology (Figures 2C–G), as well as their ability to phagocytose bacteria (Figures 2C,E–G and Box 3) and uptake LDLs (Figure 2D) are depicted in Figure 2.

Thus, we can hypothesize that basically, all professional phagocytes performing bactericidal function should undergo the switch toward aerobic glycolysis upon their activation. This notion is supported by observations made by Anderson and his colleagues, who investigated the metabolic demands of cockroach hemocytes during phagocytosis in vitro. They revealed that insect hemocytes are functionally dependent on uptake of glucose, glutamine, and lipids from cultivation media (Anderson et al., 1973; Ratcliffe and Rowley, 1975). That may be supported by transcriptomic data characterizing Drosophila immune cells with various stimuli. In larvae, both differentiating and proliferating immune cells display hallmarks of increased glycolytic rate and conversion of pyruvate to lactate resembling aerobic glycolysis (Irving et al., 2005; Johansson et al., 2005; Bajgar et al., 2015; Ramond et al., 2020). The versatility of Drosophila immune cells and their metabolic response to the activating stimuli may be further documented by the single-cell transcriptomic analysis published recently (Tattikota et al., 2020), which shows the above-mentioned patterns in raw data. According to these data, larval hemocytes display increased expression levels of lipid-scavenging receptors and genes for import and metabolism of lipids in the Krebs cycle. Moreover, a subpopulation of immune cells bearing lamellocyte markers displays metabolic shift toward aerobic glycolysis upon wasp infestation.

It has been proven experimentally that even adult fly plasmatocytes perform the switch to aerobic glycolysis upon streptococcal infection in vivo (Krejčová et al., 2019). In analogy to their mammalian counterparts, Drosophila plasmatocytes require the activity of HIF1α for induction of aerobic glycolysis and, in response to infection, display substantially increased glucose and lipid uptake (Krejčová et al., 2019, 2020). In concordance with that, the rate of glycolysis, as well as the production of lactate, is increased in these cells. However, the complex metabolic characterization concerning particularly mitochondrial metabolism still remains to be fully explored. In this experimental setup, plasmatocyte function is central for limiting the bacterial burden during the first 24 h post-infection. Decreased efficiency of phagocytosis and bacterial killing leads to the death of the individuals. Interestingly, the cellular metabolic switch is accompanied by an adjustment of the systemic metabolism of flies when both adoption of aerobic glycolysis by plasmatocytes and induction of hyperglycemia and hyperlipidemia are essential for resistance during the acute phase of the infection. Since adoption of aerobic glycolysis by plasmatocytes is epistatic to adjustment of systemic metabolism, we may anticipate the existence of signaling factors mediating this interorgan crosstalk (Bajgar and Dolezal, 2018; Krejčová et al., 2019, 2020; Figure 1 and Box 1).

In conclusion, the adoption of aerobic glycolysis as a metabolic program fundamental for effective bactericidal function results in increased demands for external sources. Since these sources may be depleted rapidly in the local microenvironment (Kedia-Mehta and Finlay, 2019), we suggest that one of the possible ways how to ensure resource supplementation is the release of immune cell-derived signaling factors to affect systemic metabolism (Figure 1 and Box 1). The character of these signaling factors will be considered in the following paragraphs.



ADOPTION OF AEROBIC GLYCOLYSIS IS CONNECTED WITH THE RELEASE OF SYSTEMIC SIGNALING FACTORS

As described in the previous paragraphs, macrophage activation is connected with enhanced nutritional demands due to the adoption of aerobic glycolysis and a high activity of these cells. Macrophages are expected to release signaling factors to usurp enough sources from other non-immune organs and tissues. Thus, the immune response becomes a privileged physiological process above other processes in the body. However, redistribution of sources may be limiting for concurrent physiological processes based mainly on anabolic metabolism (Ganeshan et al., 2019; Kedia-Mehta and Finlay, 2019). From the perspective of inter-organ signaling, the immune system behaves selfishly in competition for energy sources and releases SIFs that mediate this signaling (Figure 1 and Box 1). Based on the knowledge of insect SIFs, we may propound several hypothetical features to be met by these factors. This approach may help to identify possible novel SIFs in mammals.

Firstly, we expect the SIFs to be released by activated immune cells as a reflection of their nutritional status and adoption of HIF1α-driven aerobic glycolysis. There are two ways to translate the information about the increased demands linked to the adoption of aerobic glycolysis into the production of SIFs. SIF production may be a part of the transcriptional program associated with the metabolic switch directed by either HIF1α or other transcriptional factors involved in immune cell polarization—for example, JNK and NfKB. Thus, the remodeling of cellular metabolism of these cells and concurrent production of SIFs may be intimately interlinked. Alternatively, certain metabolites, generated as a product of some highly active metabolic pathways in aerobic glycolysis, may serve as potential SIFs as well (Figure 3).

Whether or not SIFs are linked to a transcriptional program or to the metabolic status of the cells, they should be released during the early phase of the acute immune response. Although it has been shown that macrophages are endowed with certain nutritional stores, they barely suffice for the initial few hours of their activation (Ma et al., 2020). This fact has been documented by many clinical data as well as experimental studies describing the progress of infection (Imran and Smith, 2007; Scott et al., 2019). Last, but not least, we should consider the potential of SIFs to spread through the body and affect systemic nutrient expenditure.

Assuming that the nutritional requirements of activated immune cells are the primary motivation for SIF release, we can look for a parallel in neoplastic tumors and hypoxic tissues, because they all use HIF1α-driven aerobic glycolysis (Escoll and Buchrieser, 2018; Miska et al., 2019; Box 4). Based on that presumption, we may preselect several cancer-derived cachectic factors that also occur in hypoxia. In the following paragraphs, we will address three immune signaling factors that meet the above criteria and represent the potential SIFs in Drosophila [extracellular adenosine (eAdo), insulin/IGF antagonist Imaginal morphogenesis protein late 2 (ImpL2), and cytokine Unpaired3 (Upd3)] (Figure 3).


BOX 4. Cancer and bactericidal macrophages display a similar cellular metabolic setup.

It is almost 100 years since the discovery that cancer cells preferentially employ glucose fermentation as an oxygen-independent source of ATP even when sufficiently supplied with oxygen (Warburg et al., 1927; Warburg, 1956). This metabolism was thought to be unique for cancer cells and was called the Warburg effect, named after its discoverer. Since the adoption of the Warburg effect yields eighteen times less ATP generated from one molecule of glucose compared to oxidative phosphorylation, the benefits arising from the use of such a metabolic program appeared unlikely. The adoption of the Warburg effect was thus attributed to disturbed mitochondrial function. However, this explanation cannot elucidate the similar observations made in yeasts that often use anaerobic metabolism despite the constant level of oxygen in the culture. This phenomenon is known as the Crabtree effect, which suggests an adaptive significance for such metabolic settings (de Deken, 1966; Diaz-Ruiz et al., 2011). Later research has shown that this mechanism is also utilized by other highly active or dividing cells, such as embryonic stem cells and activated bactericidal macrophages, and the term aerobic glycolysis has been introduced for this metabolic adaptation (Jones and Bianchi, 2015). This motivated scientists to find an explanation for why cells in certain situations prefer to switch to this metabolic regime and what the benefits are.

Using modern metabolomics techniques, it has been found that the lower yield of ATP is compensated by the increased glycolytic rate and that this metabolic setting represents an advantage in the production of essential precursors promoting cell growth, division, and active participation in many biological processes (Burns and Manda, 2017). As a result, these cells are dependent on an increased supply of nutrients. It is now clear that neoplastic cancer cells alter all major cellular metabolic pathways and that there is a high similarity in metabolism between cancer and bactericidal macrophages (Escoll and Buchrieser, 2018). It is generally accepted that neoplastic cancer cells represent a significant energy burden for patients compared to benign tumors of the same size. The malignancy of these tumors depends on the induction of systemic metabolic changes such as insulin resistance and cachexia (Nagao et al., 2019).

Interestingly, the pro-cachectic effect of tumors is interconnected with the adoption of HIFlα -dependent aerobic glycolysis (Koltai, 2020). It has been outlined that cancer may be perceived as a metabolic syndrome comprising cancer-induced insulin resistance and cachexia as mechanisms to usurp enough nutrition from the host’s anabolic processes to support tumor growth and metastatic spreading (Porporato, 2016). In concordance with that, cachexia is thought to cause about 20% of deaths in cancer patients and accompany up to 80% of advanced cancer states (Fonseca et al., 2020). Besides metabolic profile, cancer cells also share with bactericidal macrophages the production of several pro-inflammatory cytokines with impact on systemic metabolism (Liou, 2017). Therefore, research on these factors and their involvement in the induction of insulin resistance and cachexia upon infection should be considered.



Adenosine is a purine metabolite naturally occurring at low concentrations in all living cells. Nevertheless, its concentration may rise substantially as a reflection of increased activation of cellular metabolism (Eltzschig, 2013). Adenosine is formed in the cells as an outcome of the enormous consumption of ATP, the increased number of methylation events, as well as generation of reductive potential (Ham and Evans, 2012; Tehlivets et al., 2013; Sarkar et al., 2020). Accumulation of intracellular adenosine serves as a negative feedback signal on cellular metabolism via AMPK activation leading to quiescence (Aymerich et al., 2006). That is contradictory to the desired tasks of an activated immune system, and immune cells thus must expel excessive adenosine extracellularly (Sag et al., 2008). Since the quantification of intracellular adenosine is technically challenging under natural physiological conditions, its production by immune cells has to be presumed from indirect evidence. Nonetheless, the processes leading to the generation of intracellular adenosine are accelerated in activated macrophages employing aerobic glycolysis (Leonard et al., 1978; Vijayan et al., 2019; Silva et al., 2020). Aside from the intracellular source of adenosine, we should not omit its generation in an extracellular space, where it may be produced by ectonucleotidases bound to the surface of the immune cells (Zanin et al., 2012). Characteristic producers of adenosine in mammals are hypoxic endothelial and smooth muscle cells, activated immune cells, as well as cancerous tissues (Grenz et al., 2011; Silva-Vilches et al., 2018; Boison and Yegutkin, 2019). Recently, it has been shown that intracellular adenosine may be released by cultured human macrophages infected by Leishmania (Hsu et al., 2012). It is in concordance with an observation made in Drosophila, in which activated immune cells release adenosine via equilibrative nucleoside transporters upon an infestation of larvae by parasitoid wasps (Bajgar et al., 2015). Extracellular production of adenosine has also been described for murine macrophages upon their classic activation by LPS (Zanin et al., 2012). Although local rise in adenosine concentration has rather anti-inflammatory effects in mammals (Haskó and Cronstein, 2013), its systemic spreading may support immune response by mobilizing required energy substrates (Tadaishi et al., 2018). As an outcome of paracrine and systemic adenosine effects, we may observe overall metabolic suppression in the organism inducing thus, e.g., fatigue or hibernation (Davis et al., 2003; Olson et al., 2013). That is analogous to the observation made in infected Drosophila where adenosine directs mobilization of carbohydrates from adipose tissue and concurrently limits glucose consumption by other than immune tissues (Bajgar et al., 2015; Bajgar and Dolezal, 2018). Although the release of adenosine has not yet been experimentally linked to the adoption of aerobic glycolysis in activated immune cells, it is well established that many genes involved in adenosine signaling are HIF1α targets (Bowser et al., 2017). Thus, we hypothesize that adenosine production may be directly linked to the adoption of aerobic glycolysis. This is in concordance with the observation of eAdo release from cancer cells, hypoxic tissues, as well as activated immune system (Schrader et al., 1977; Alam et al., 2015; Bajgar and Dolezal, 2018; Arab and Hadjati, 2019).

The second SIF—ImpL2—has been identified as a Drosophila cancer-derived cachectic factor (Kwon et al., 2015). This putative functional homolog of mammalian insulin-like growth factor-binding protein 7 (IGFBP7) is known to be released from experimentally induced cancer cells in adult flies. ImpL2 affects the metabolism of adipose tissue via insulin resistance and induces the mobilization of nutrients subsequently exploited by the tumor for its own growth (Kwon et al., 2015; Figueroa-Clarevega and Bilder, 2015). ImpL2 is documented to be released from tumors, which growth was induced either by loss of cell polarity or overexpression of transcription coactivator Yorkie (Bunker et al., 2015; Kwon et al., 2015). Importantly, these tumors are known to rely metabolically on aerobic glycolysis (Wang et al., 2016).

A remarkable release of ImpL2 was also observed from tissues undergoing experimentally-induced hypoxia and mitohormesis, where its expression reflected the mitochondrial dysfunction (Allee, 2011; Owusu-Ansah et al., 2013). The link between HIF1α and ImpL2 production has been revealed by comparing ImpL2 transcript abundance in response to hypoxia for wild-type and HIF1α homozygous mutant adult flies. Moreover, experimentally increased HIF1α expression is sufficient for enhanced ImpL2 protein levels (Allee, 2011). The role of HIF1α in the regulation of ImpL2 production has been suggested for infection-activated plasmatocytes (Krejčová et al., 2020). It has been revealed that the rise in ImpL2 expression in plasmatocytes (Figure 2E) is dependent on HIF1α activity in these cells upon infection. Thus, HIF1α directs not only the metabolic switch to aerobic glycolysis but also ImpL2 expression. That is further supported by the occurrence of four hypoxia response elements in the regulatory sequence of the ImpL2 genomic region. We thus may claim that bactericidal plasmatocytes produce ImpL2 as a reflection of HIF1α-driven aerobic glycolysis (Krejčová et al., 2020). Interestingly, plasmatocytes produce ImpL2 not only in response to the recognition of invading pathogens but also in response to their exposure to excessive lipids, as it has been documented for high-fat-diet fed flies (Morgantini et al., 2019). Since ImpL2 is known to bind Drosophila insulin-like peptides, its effects on systemic metabolism can be accounted to the abrogation of insulin signaling (Honegger et al., 2008).

The last SIF discussed here is a Drosophila cytokine Upd3. Based on its structural and functional similarities, it is considered to be a functional homolog of mammalian cytokine IL6 (Oldefest et al., 2013). In analogy to its mammalian counterpart, Upd3 also acts as a ligand for the JAK-STAT signaling pathway. Upd3 production is crucial in the regulation of many physiological processes, ranging from embryogenesis and larval growth and development to stress response, such as in tissue damage, loss of cell polarity, metabolic stress, and bacterial infection (Jiang et al., 2009; Wang et al., 2014; Woodcock et al., 2015). Under such situations, Upd3 production is triggered by the activation of JNK by loss of cell polarity, recognition of bacterial pathogens, or increased accumulation of ROS (Jiang et al., 2009). Immune cells are one of the prominent producers of Upd3 in adult flies. In response to tissue damage, bacterial infection, or exposure to oxidized lipids, Upd3 expression rises in these cells substantially (Agaisse et al., 2003; Woodcock et al., 2015; Chakrabarti et al., 2016; Shin et al., 2020). Systemic Upd3 subsequently triggers JAK-STAT signaling in non-immune tissues and activates a stress response primarily in the gut and the fat body. While in the gut, Upd3 induces regenerative proliferation and maintenance of integrity, in the fat body, it induces a Foxo-driven transcriptomic program, leading to a mobilization of lipid stores (Chakrabarti et al., 2016; Shin et al., 2020).

Interestingly, Upd3 production is induced under a similar condition to ImpL2. Indeed, both are produced from cancer and hypoxic cells as well as from plasmatocytes responding to bacterial infection, excessive lipids, or tissue damage (Agaisse et al., 2003; Bunker et al., 2015; Shin et al., 2020). The interconnection of Upd3 production with HIF1α transcriptional activity has been observed for hypoxia-responsive neurons in the central nervous system of Drosophila larvae. Upd3 released by these cells has a remote impact on insulin signaling in adipose tissue and, thus, supports the proliferation of immune cell progenitors in lymph glands (Cho et al., 2018).

From the above-mentioned, we may suggest that Upd3 production reflects a situation of cellular metabolic stress. However, the direct link between plasmatocyte aerobic glycolysis and Upd3 production has not been satisfactorily studied to date. A systemic effect of Upd3 may be attributed to the activation of a JAK-STAT cascade, which often leads to an alleviation of the insulin signaling pathway in target tissues (Yang et al., 2015; Kierdorf et al., 2020; Shin et al., 2020).

We propose that all three SIFs discussed here are produced by bactericidal immune cells due to their increased metabolic activity and the adoption of HIF1α-driven aerobic glycolysis. It is particularly interesting that the informing of metabolic demands is mediated by multiple factors involving the body’s central metabolic organs. However, it seems that their cooperative action ensures the supplementation of the immune system with sources (Figure 3).



IMMUNE CELL-DERIVED FACTORS INDUCE MOBILIZATION AND TARGETED DELIVERY OF NUTRIENTS

The task of SIFs is to ensure sufficient supplementation of their producers with energy resources and nutrients necessary for their function.

The mechanism of resource redistribution consists of two parallel processes, the mobilization of resources from reserves and their subsequent delivery to the activated immune system. The energy suddenly required for protection against pathogen attack is usurped from anabolic processes such as the building of reserves, maintenance, growth, and reproduction. Therefore, SIFs are expected to mobilize the nutrients from central energy-storing organs and concurrently minimize their consumption by other immune response-unrelated tissues.

Since most physiological processes based on anabolism depend on the insulin signaling pathway (Schwartsburd, 2017), we can assume that the transition between insulin sensitivity and resistance may represent such a mechanism. We hypothesize here that ImpL2, Upd3, and adenosine represent examples of possible SIFs. Therefore, their impact on systemic metabolism with emphasis on the induction of insulin resistance will be considered in the following paragraphs.

Recently, it has been deciphered that ImpL2 is released from infection-activated plasmatocytes during acute immune response in Drosophila (Krejčová et al., 2020; Figure 3). However, a recently published RNA-Seq analysis of Drosophila larval plasmatocytes revealed neither an increase in ImpL2 transcripts upon septic injury nor enriched expression of ImpL2 in plasmatocytes (Ramond et al., 2020). That is in concordance with other observations showing that larval ImpL2 is expressed in the fat body rather than in circulating immune cells. That suggests a different role of ImpL2 in larva and adult immune system since, in adult flies, the subpopulation of plasmatocytes clearly displays a strong ImpL2 expression level, particularly of ImpL2 RA isoform (Krejčová et al., 2020). Interestingly, another single-cell analysis displays a clear subpopulation of larval plasmatocytes denoted according to a high level of ImpL2 expression as ImpL2-positive (Cattenoz et al., 2020).

Krejčová shows that ImpL2 subsequently affects the mobilization of carbohydrates and lipoproteins from the fat body, which results in their increased titer in circulation and their subsequent utilization by activated plasmatocytes (Figure 3). Several independent approaches document its impact on nutrient mobilization. It was shown that ImpL2 induces morphological changes in the fat body of infected individuals. The adipocytes display a significantly reduced amount of lipid stores, which are dispersed in the cytoplasm in an increased number of smaller lipid droplets. It is believed that the reduced diameter of the lipid droplets is advantageous for cells undergoing increased lipolysis since it makes the triglycerides more accessible to lipases located on their surface (Kühnlein, 2012). That is in concordance with the induction of Forkhead Box O (Foxo)-driven transcriptomic program, which triggers the expression of enzymes responsible for lipolysis and assembly and release of lipoproteins (Figure 3). Lipid mobilization in the form of lipoproteins is further supported by the change of relative representation of individual lipid classes in the fat body on behalf of phospholipids. Interestingly, a mere overexpression of ImpL2 in plasmatocytes is able to mimic the effects of infection in the fat body (Krejčová et al., 2020).

Foxo is known to regulate adipocyte metabolism upon metabolic stress conditions such as starvation, hypoxia, and elicitation of immune response. It has been reported that when starving or eliciting an immune response, Foxo is triggered by immune signaling cascades such as NF-κB, Toll, and IMD in the fat body (Molaei et al., 2019; Texada et al., 2019). Nevertheless, adipocyte insulin signaling has the power to counteract this nutrient-deliberating mechanism completely (Lee and Dong, 2017). Therefore, it is central for the organism to alleviate insulin signaling in these cells to induce mobilization of stores. ImpL2 is a perfect candidate for this role since it is known for its high affinity to Drosophila insulin-like peptides as well as experimentally administered human insulin (Honegger et al., 2008). Although the production of ImpL2 by plasmatocytes appears to be sufficient to induce changes in lipid metabolism of adipose tissue upon infection, another plasmatocyte-derived factor, Upd3, surprisingly targets the same signaling pathway in this organ (Krejčová et al., 2020; Shin et al., 2020).

There is a striking similarity between the effects accounted for ImpL2 and Upd3. Contrary to ImpL2, Upd3 affects the FOXO nuclear translocation via activation of the JAK/STAT signaling pathway in the fat body and induces insulin resistance in adipocytes downstream of insulin receptor (Shin et al., 2020). That may be accomplished via affecting the phosphorylation status of effector kinase AKT. Interestingly, also Upd3 itself can induce mobilization of lipid stores into the circulation (Woodcock et al., 2015). Redundancy of ImpL2 and Upd3 effects suggests that it is adaptive to inhibit insulin signaling in adipose tissue by multiple SIFs to secure mobilization of sources upon infection. Also eAdo affects adipose tissue metabolism in response to infection in Drosophila. While the effects of ImpL2 and Upd3 are manifested mainly by the mobilization of lipid stores, eAdo affects the level of expression of glycogen metabolizing enzymes through its receptor. eAdo induces hyperglycemia upon infection via depletion of adipose tissue glycogen stores (Bajgar and Dolezal, 2018). However, its effect on lipid metabolism has not been sufficiently investigated yet.

We may conclude that immune cell-derived SIFs induce adipocyte insulin resistance leading to mobilization of sources from adipose tissue and their utilization by activated immune cells (Figure 3).

Besides mobilization of sources, SIFs also often silence the nutrient consumption of tissues that are not involved in the immune response. Interestingly, all the SIFs discussed here are known to silence anabolic processes in these tissues in certain situations. Production of one factor by macrophages thus regulates concurrently both mobilization of sources and suppression of physiological processes competing with the immune response for resources.

The effect of ImpL2 on anabolic processes has been observed during the fly’s development and upon experimental induction of cancer. An increased titer of circulating ImpL2 alleviated insulin signaling and thus decreased metabolic muscle rate and caused fragmentation of muscle mitochondria (Figueroa-Clarevega and Bilder, 2015; Kwon et al., 2015; Lee et al., 2018). In addition, these individuals displayed disrupted ovary maturation and mobilization of sources leading to wasting-induced cachexia (Figueroa-Clarevega and Bilder, 2015; Kwon et al., 2015). We can hypothesize that plasmatocyte-derived ImpL2 may have similar effects upon infection, although not with as significant phenotypes as in cancer because upregulation of the ImpL2 gene in these experimental systems resulted in concentrations far beyond those occurring naturally.

Also, the effects of Upd3 on muscle metabolism have been investigated. Plasmatocyte-derived Upd3 has been shown to limit remote lipid accumulation in muscles to maintain lipid homeostasis in the tissue via alleviation of insulin signaling in these cells through activation of the JAK-STAT singling pathway, which is documented by decreased pAKT occurrence (Kierdorf et al., 2020). We suggest that such a mechanism may also be involved in the regulation of muscle lipid uptake upon infection, during which Upd3 expression in plasmatocytes is markedly elevated (Péan et al., 2017). A similar mechanism may be observed in larvae infested by wasp parasitoids, in which Upd3-induced JAK-STAT signaling in muscles is essential for an effective immune response (Yang et al., 2015). This may indicate that muscle insulin resistance is essential to effectively combat wasp parasitic infestation. However, in their follow-up study, Yang and Hultmark (2017) showed that insulin signaling in muscles, in contrast to fat body and plasmatocytes, is essential for the effective encapsulation of invaders. Muscle-specific knockdown of insulin receptor resulted in reduced resistance to infection and encapsulation rate. However, these effects can be explained by developmental defects caused by changes in feeding behavior and subsequent malnutrition, as this experimental treatment was induced throughout the life of individuals. Nonetheless, this publication nicely depicts the impact of experimentally induced muscle insulin resistance on systemic carbohydrate metabolism.

The impact of eAdo on decreased energy consumption by non-immune tissues has also been described in Drosophila larva upon wasp infestation. eAdo released by activated immune cells silences consumption of C14-labeled glucose by virtually all non-immune tissues, leading to decreased growth of imaginal wing discs and delayed metamorphosis. Consequently, this mechanism allows the glucose uptake by immune cells to be increased up to threefold. These effects were mediated by eAdo activation of the adenosine receptors in target tissues (Bajgar et al., 2015).

Based on the aforementioned data, we may say that the effects of macrophage-derived SIFs are dual. They induce nutrient mobilization from central storage organs and concurrently limit their consumption by non-immune tissues and physiological processes. While these effects are essential for the acute-phase response to infection, they may cause nutrient waste and cachexia if activated chronically (Figure 3).



IMMUNE CELL-MEDIATED METABOLIC CHANGES ARE NOT ALWAYS BENEFICIAL UPON INFECTION

Immune cell-derived SIFs increase the titer of circulating carbohydrates and lipids, which are then available to be exploited by the immune system. Subsequently, these nutrients are utilized by activate phagocytes to feed the suddenly increased energy and nutritional demands. Thus, we may presume that this signaling is important for resistance to infection.

Indeed, experimental knockdown of ImpL2 and Upd3 in infection-activated plasmatocytes or systemic abrogation of adenosine signaling pathway leads to the reduced ability of plasmatocytes to fight the pathogens. That manifests in decreased resistance to bacterial infection accompanied by elevated pathogen load in these individuals (Agaisse et al., 2003; Bajgar and Dolezal, 2018; Krejčová et al., 2020). Further studies suggested that such a decrease in resistance to infection is due to reduced availability of nutrients for immune cells. Notably, a mere twofold increase in glucose concentration in fly diet is sufficient to rescue phenotypes caused by a lack of eAdo signaling (Bajgar et al., 2015).

Although SIF signaling is essential for an adequate immune response to acute bacterial infection, it may become maladaptive under certain conditions. Since SIFs mobilize sources primarily for the needs of phagocytes, they may be exploited by the bacteria growing intracellularly. It is well documented that many intracellular pathogens affect the metabolic profile of macrophages to be literarily nourished by the host cell (Teng et al., 2017). Indeed, it has been described for each of the SIFs discussed here that their effects have become maladaptive upon infection with intracellular pathogens such as Listeria monocytogenes or Mycobacterium tuberculosis (Péan et al., 2017; Bajgar and Dolezal, 2018; Krejčová et al., 2020).

Not only the type of bacterial threat but also the duration of SIF action seems to be central. Prolonged SIF production leads to uncontrolled wasting of nutrients, cachexia, and irreversible damage of tissues silenced by insulin resistance. Indeed, for instance, the production of eAdo by plasmatocytes has to be time-restricted by eAdo degrading enzyme Adenosine deaminase-related growth factor A (Adgf-A). Interestingly, this enzyme is produced by plasmatocytes as well, with an 8 h delay after adenosine. Lack of adgf-A function leads to wasting of glycogen stores and slow-down of development (Bajgar and Dolezal, 2018).

Also, the ImpL2 production by plasmatocytes must be time-restricted. Chronically increased ImpL2 production by plasmatocytes leads to developmental malformations, reduced body size of the individual, and excessive melanization of immune cells (Krejčová et al., 2020). Moreover, the overproduction of ImpL2 causes insulin resistance and cachexia in the Drosophila cancer model (Figueroa-Clarevega and Bilder, 2015; Kwon et al., 2015).

Although eAdo, ImpL2, and Upd3 meet the criteria of a selfish immune factor released by the Drosophila plasmatocytes, analogous signaling in mammals remains controversial. However, all of these factors have their signaling counterparts in mammals. While the Upd3 functional homolog has been identified as IL6, studied mostly for its signaling and metabolic effects in immune response, the ImpL2 mammalian putative functional homolog IGFBP7, known for its ability to attenuate insulin signaling, has not yet been explored in the context of infection. Therefore, we speculate about the evolutionary conservation of the role of these SIFs in the following paragraphs.



THE FUNCTION OF IMMUNE CELL-DERIVED SIFS MAY BE CONSERVED BETWEEN INSECTS AND MAMMALS

Experimental studies performed on insects demonstrate that plasmatocytes release signaling factors to affect systemic metabolism and thus ensure a sufficient supply of resources. Here, we would like to consider the possibility that such a mechanism is also valid for mammals (Figure 3). The connection between aerobic glycolysis in activated phagocytic immune cells and the adjustment of systemic metabolism has been considered for mammals in recent review based mainly on clinical data of chronically ill patients (van Niekerk et al., 2017). Moreover, it may represent the essence of many human diseases, as will be discussed later.

A plethora of cytokines and chemokines are released from activated immune cells upon the adoption of a bactericidal polarization state. These are generally known as “pro-inflammatory cytokines” due to their potential to guide other myeloid cells toward inflammatory polarization. Here, we suggest their role in the regulation of systemic metabolism via the induction of insulin resistance upon bacterial infection.

From several experimental and clinical studies, it is clear that macrophage production of pro-inflammatory cytokines is associated with HIF1α transcriptional activity and subsequent metabolic rearrangement toward aerobic glycolysis (Palazon et al., 2014; Corcoran and O’Neill, 2016). However, it is difficult to distinguish whether their production reflects either cellular metabolic switch or adopted pro-inflammatory state since both are intimately interconnected (Diskin and Pålsson-McDermott, 2018). To solve this problem, we must focus on the production of cytokines by cells utilizing HIF1α-mediated aerobic glycolysis in non-inflammatory context, such as neoplastic tumors and hypoxic tissues (He et al., 2014; Edwardson et al., 2017).

There is a compelling list of publications describing the release of pro-inflammatory cytokines from cancer and hypoxic tissues (Dinarello, 2006; Peyssonnaux et al., 2007; Popa et al., 2007; Heikkilä et al., 2008; Xing and Lu, 2016; Lewis and Elks, 2019; Kammerer et al., 2020). Recently, a transcriptomic meta-analysis of human cancers varying in degree of their pro-cachectic potential has been performed to identify new cachectic factors (Freire et al., 2020). Many of the identified factors were cytokines and chemokines well-known for their participation in the acute immune response. That is in concordance with other studies documenting the pro-cachectic features of Il1β, TNFα, and Il6 (Zhang et al., 2007; Narsale and Carson, 2014; Patel and Patel, 2017).

Consistent with this hypothesis, hypoxic tissues also release a number of cytokines with pro-cachectic properties. Surprisingly, the elicitation of hypoxic response employs several immune-related signaling pathways such as JNK, NF-κB, and Hif1α (Jin et al., 2000; D’Ignazio and Rocha, 2016). Their activation leads to the adjustment of cellular metabolism to overcome periods of mitochondrial dysfunction. Although pro-inflammatory cytokines were originally investigated in the context of LSP-induced sepsis (Pizarro and Cominelli, 2007; Rossol et al., 2011), they also reflect the metabolic status and nutritional requirements of their producers and thus serve as potential regulators of systemic metabolism.

According to the proposed theory, the central mechanism that changes the systemic metabolism from anabolism to catabolism is the induction of insulin resistance. In adipose tissue, the lack of insulin signaling serves as a signal for potentiation of lipolysis and subsequent fatty acid mobilization (Langin, 2013). Therefore, infection-induced lipodystrophy results in a substantial release of lipid stores during the acute phase of the immune response. Deliberated fatty acids are further metabolized in the liver and enwrapped into lipoproteins as a lipid form suitable for transport to distant tissues on the periphery (Perry et al., 2014). The liver is known to respond differently to a lack of insulin signaling from most tissues in the body, which is called the “liver insulin resistance paradox” (Santoleri and Titchenell, 2019). Indeed, contrary to other tissues silenced by a lack of insulin signal, hepatic insulin resistance accelerates lipid synthesis, gluconeogenesis, and absorption of circulating amino acids (Biddinger et al., 2008). All of these metabolic changes lead to increased mobilization of lipoproteins and glucose into circulation, resulting in the development of hyperglycemia and hyperlipidemia (Lewis et al., 2002). It is known that stress-related hyperglycemia, as a result of insulin resistance in critically ill and septic patients, is beneficial under certain conditions. In the acute phase of stress response, hyperglycemia appears to support metabolically stressed tissues and immune cell function, whereas in context of its chronic activation, it may result in development of glucotoxicity, exaggerated glycosylation, and chronic inflammation. The function of mammalian immune cells is affected by insulin signaling with different context-dependent effects (Van den Berghe, 2002; Marik and Bellomo, 2013; van Niekerk et al., 2017).

An opposite effect of insulin resistance can be observed in muscles, where a lack of insulin signal leads to a significant reduction of its metabolic rate and induction of autophagy (Lim et al., 2014; Ryter et al., 2014). Autophagy covers basal nutritional demands of silenced cells and concurrently generates amino acids utilized for gluconeogenesis in hepatocytes (Cui et al., 2019). In line with the energy-saving program, insulin resistance in the brain also significantly reduces its energy consumption, leading to a lower intellectual capacity, bad moods, and depressions (Kullmann et al., 2020). Nevertheless, metabolic adaptation to metabolic stress is a tremendously complex process in mammals, which is affected by many hormonal and signaling cues. Particularly effect of several stress-related hormones, such as cortisol, noradrenaline, or norepinephrine on the mobilization of nutrients from adipose tissue and the liver is well established. In this context, the role of immune cell-derived factors on these signaling pathways should also be considered.

Besides the systemic impact on insulin resistance, we should also take into account the paracrine effects of cytokines in the liver. The liver is the central metabolic organ that coordinates the systemic metabolic changes upon infection (Bernal, 2016). In addition, the liver hosts a specialized population of tissue-resident macrophages known as Kupffer cells (KC). KCs serve as sentinel cells reflecting changes in the titers of metabolites and endotoxins in the blood. Although KCs tolerate some levels of endotoxins being permanently present in the circulation without eliciting an immune response, their increase above a certain limit leads to KC activation (Zeng et al., 2016). KCs recognize endotoxins via TLR4, which in turn leads to the activation of NF-κB and its classical M1 polarization (Gandhi, 2020). This process is accompanied by the stabilization of HIF1α and the adoption of aerobic glycolysis (Roth and Copple, 2015). Subsequently, KCs release the pro-inflammatory cytokines Il1β, TNFα, and IL6 into the extracellular space. Consequently, these signaling factors induce hepatocyte insulin resistance via their paracrine signaling (Bartolomé et al., 2008). The lack of insulin signaling in hepatocytes leads to a nuclear translocation of the transcription factor FOXO and the subsequent induction of its specific transcriptomic program. FOXO increases the expression of genes involved in lipogenesis and glycogenolysis, as well as the production and release of lipoproteins (Puigserver et al., 2003). This mechanism is strikingly reminiscent of the process observed in insect adipose tissue. Although the role of KC-derived IL1β, Il6, and TNFα in inducing hepatocyte insulin resistance has been reliably demonstrated, their mere administration cannot fully mimic the effects of KCs (Bartolomé et al., 2008). This suggests the involvement of additional KC-derived signaling factors. IGFBP7, a mammalian putative functional homolog of Drosophila ImpL2, may be a potential candidate (Figure 3).

It has been shown that IGFBP7 expression increases fourfold in the culture of human THP-1 macrophages in response to their exposure to Streptococcus pneumoniae (Krejčová et al., 2020). In addition, IGFBP7 expression increases sixfold in response to the exposure of KCs to excessive lipids in obese mice. Subsequently, IGFBP7 induces hepatocyte insulin resistance, hyperlipidemia, and hyperglycemia prior to the production of KC-derived pro-inflammatory cytokines (Morgantini et al., 2019). Although the experimental data connecting the adoption of aerobic glycolysis by KCs to the production of IGFBP7 are missing, we suggest that this mechanism may be relevant for the mobilization of nutrients for immune cells, upon infection. The role of IGFBP7 and IL6 in the induction of insulin resistance and cachexia is further supported by their increased plasma titer in patients suffering from diseases often accompanied by cachexia, such as morbid obesity, cancer, chronic obstructive pulmonary disease, acute kidney diseases, and liver fibrosis (Liu et al., 2015; Gunnerson et al., 2016; Ruan et al., 2017; Martínez-Castillo et al., 2020). Although nowadays IGFBP7 is associated with diseases accompanied by chronic inflammatory and pathological conditions, we suggest that its beneficial role in nutrient mobilization during an acute immune response should also be considered (Figure 3).



SUMMARY

This review brings the new perspective that systemic insulin resistance represents an essential mechanism for overcoming the acute phase of bacterial infection. Insulin resistance is induced by immune cell-derived cytokines, which are produced as a reflection of their elevated metabolic demands resulting from the adoption of aerobic glycolysis. These cytokines induce both the mobilization of sources from the storage organs and their suppressed consumption by non-immune tissues. Titers of nutrients thus elevate in circulation to be utilized by the activated immune system. While such metabolic adaptation is fundamental for resistance to extracellular pathogens, it may become maladaptive upon infection by intracellular bacteria exploiting phagocyte cellular stores for its own benefits. Although cytokine-induced insulin resistance is beneficial during acute phase response, its chronic activation may progress into the wasting of nutrients and cachexia (Figure 3), which are severe metabolic disorders accompanying several serious diseases. Understanding the adaptive significance of cytokine-induced insulin resistance may therefore provide new insights into these maladies.

Induction of insulin resistance in hepatocytes is central for the progress of obesity and obesity-associated diseases, such as non-alcoholic steatohepatitis, atherosclerosis, and diabetes. According to the presented hypothesis, liver and systemic insulin resistance are induced by chronically adopted aerobic glycolysis in activated liver macrophages. Reversal of macrophage metabolic switch may thus represent a powerful therapeutic strategy.
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Initially intended for nutrient uptake, phagocytosis represents a central mechanism of debris removal and host defense against invading pathogens through the entire animal kingdom. In vertebrates and also many invertebrates, macrophages (MFs) and MF-like cells (e.g., coelomocytes and hemocytes) are professional phagocytic cells that seed tissues to maintain homeostasis through pathogen killing, efferocytosis and tissue shaping, repair, and remodeling. Some MF functions are common to all species and tissues, whereas others are specific to their homing tissue. Indeed, shaped by their microenvironment, MFs become adapted to perform particular functions, highlighting their great plasticity and giving rise to high population diversity. Interestingly, the gut displays several anatomic and functional compartments with large pools of strikingly diversified MF populations. This review focuses on recent advances on intestinal MFs in several species, which have allowed to infer their specificity and functions.
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INTRODUCTION

The innate immune system encompasses different defense mechanisms selected over evolutionary time and encoded in the germline, hence passed to offspring with only minor refinements. Genome sequencing has established that much of these defense systems are conserved across animal phyla, reflecting their remarkable effectiveness and versatility (Litman and Cooper, 2007). These conserved defense mechanisms include the complement system, pattern recognition receptors (PRRs), and phagocytosis. The complement system is an ancient component of immunity that likely evolved from protection of the unicellular protists to essential defense functions in the blood of vertebrates (Elvington et al., 2016). Classical PRRs, such as Toll-like receptors (TLRs), C-type lectins, NOD-like receptors (NLRs), and perforin-2/MPEG-1, are already identified in non-bilaterian animals (Traylor-Knowles et al., 2019). Phagocytosis, from ancient Greek meaning “cell eating,” is typically an eukaryote-specific process that consists in the ingestion of particulate matters larger than 0.4 μm by a cell through invagination of its membrane (Mills, 2020). Inside the Eukaryota domain, plant cells are not able to phagocyte due to their rigid cell wall. In addition, no phagocytosis has been reported in fungi, with the exception of the parasitic fungus Rozella allomycis (Yutin et al., 2009). By contrast, protists use phagocytosis for the intake of nutrients from the environment where these unicellular organisms reside. In parasitic infections, such as trichomoniasis, the protozoan Trichomonas vaginalis uses phagocytosis to ingest Saccharomyces cerevisiae cells, vaginal epithelial cells, leucocytes, and erythrocytes (Pereira-Neves and Benchimol, 2007). Phagocytosis involves cell membrane receptors for target recognition. Thus, the scavenger receptor cysteine-rich (SRCR) domain family of receptors is encoded in the genomes from the most primitive sponges to mammals (Dzik, 2010). Receptors for phagocytosis bind the particles either directly or via opsonins (antibodies or complement components) that enhance phagocytosis (Richards and Endres, 2017). The specialized compartment resulting from membrane invagination around the targeted material is termed phagosome (Niedergang and Grinstein, 2018). Interestingly, the soil-living amoeba Dictyostelium discoideum uses molecular mechanisms of phagosome maturation very similar to higher eukaryotic cells, such as macrophages (MFs) (Gotthardt et al., 2002). This efficient “digestive” system of ingested material defines the primary function around which phagocytosis extends its functional ability throughout evolution (Desjardins et al., 2005). However, despite that phagocytosis is often proposed as an evolutionarily conserved mechanism, the diversity and variability of proteins associated with phagosomes across the different eukaryotic species suggest that phagocytosis may have evolved independently several times (Yutin et al., 2009; Mills, 2020).

The kingdom Animalia is composed of multicellular eukaryotic organisms. This cellular scaling has required the acquisition of cell–cell adhesion, communication, cooperation, and specialization (Niklas, 2014). Organism size has always been considered an important factor for the evolution of multicellularity. The advantages of increased size include predator evasion, increased motility, and an increased capacity to store nutrients. Interestingly, the organism size has an impact in cellular specialization, which may evolve more easily in larger organisms (Willensdorfer, 2008). In animals, phagocytosis has extended from the nutritional function to key roles in homeostasis, such as apoptotic cell removal, tissue remodeling, and immune defense (Desjardins et al., 2005). Hartenstein and Martinez have recently reviewed the role of phagocytosis in nutrition and have compared this function of invertebrate enteric phagocytes/enterocytes with MF ability to eliminate pathogens and damaged cells (Hartenstein and Martinez, 2019). Endodermal-derived enterocytes play indeed a prominent role in the invertebrate digestive system by taking up the extracellularly pre-digested material and completing the digestive process intracellularly. By contrast, MFs are mesodermally derived motile cells that engulf and digest foreign materials and cellular detritus that threaten the integrity of the organism. Thus, phagocytosis is an ancient process that likely evolved from the feeding of phagotrophic unicellular organisms to the defense against pathogens in complex organisms. Non-nutritional-related phagocytic cells observed in invertebrate species bear different names (e.g., amoebocytes, coelomocytes, or hemocytes) depending on the hosting species, but basically they have a MF-like appearance and have, to a certain extent, comparable functions as part of the innate immune system (Table 1) (Buchmann, 2014). The hypothesis of a common origin for immunity and digestion is mainly based on the existence of shared components such as enzymes, receptors, signaling pathways, and cellular processes (Broderick, 2015). Thus, many of the enzymes involved in immunity play also a role in digestion (e.g., lysozymes and proteases), with specific contexts for which these functions cannot be distinguished, e.g., for animals that capture and feed on bacteria. However, an extensive transcriptomic analysis done in different phagocytic cell types across widely divergent clades was inconclusive for homology assessments (Hartenstein and Martinez, 2019). Anyhow, in immunity, bacteria internalized via phagocytosis are typically sequestered within phagolysosomes where several antibacterial strategies are used to kill and degrade them, such as compartment acidification, enzyme production and activation, and generation of reactive oxygen species (ROS). Many types of eukaryotes produce ROS, which likely represent an ancient antimicrobial strategy for targeting intracellular bacteria (Richter and Levin, 2019).


Table 1. Main features of MF-like cells across species.
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Interestingly, phagocytosis shares molecular mechanisms with autophagy, a degradative cellular process in which eukaryotic cells digest their own components (Birgisdottir and Johansen, 2020). Like phagocytosis, autophagy is an ancient highly conserved process likely to date back to the common ancestor of all eukaryotes (Duszenko et al., 2011). Like phagocytosis, autophagy likely evolved from a cellular nutrition mechanism to become a key player in cellular homeostasis and defense against pathogens. Although autophagy and phagocytosis are activated by different mechanisms, they converge on similar pathways that are regulated by shared molecules. Thus, LC3-associated phagocytosis (LAP) involves engulfment of large extracellular particles through the engagement of components of the autophagy machinery among which Beclin 1, the phosphatidylinositol 3-kinase Vps34, ATG (autophagy) family proteins, and finally LC3 (Sanjuan et al., 2007; Martinez et al., 2011, 2015). LC3 recruitment to the phagosome favors phagosome fusion with lysosomes, acidification, and ingested material degradation. LAP is involved in several phagocyte functions, such as pathogen clearance, antigen presentation by major histocompatibility complex (MHC) class II molecules, regulation of proinflammatory cytokine production and efferocytosis (Martinez, 2018).

From its earliest beginnings, the study of innate immunity has greatly benefited from works carried out on simple organisms, starting from the discovery of phagocytosis significance in starfish larva by Elie Metchnikoff to the more recent discovery of PRRs in the fruit fly by Jules Hoffman (Lemaitre et al., 1996; Hoffmann and Reichhart, 2002; Buchmann, 2014; Gordon, 2016). Indeed, these organisms combine easy genetic manipulations and phenotypic analyses with fast generation renewal and simplified cell diversity and signaling pathways including key elements conserved across species. It is therefore important to appreciate the diversity of MFs across species to have a complete picture of them. With the tissue organization of complex organisms, MFs have acquired new functions within their residence niche where they maintain strong relationships with their neighboring cells, allowing their resident tissue to function properly. In this review, we describe the nature of MFs and MF-like cells across the animal kingdom with a special focus on the intestinal tissue of each species when data are available. We consider more precisely the local and regional specialization of MFs in the mammalian intestine and discuss recent findings highlighting their great diversity of functions from one location to another.



MACROPHAGE-LIKE CELLS OF THE DIPLOBLASTS

Living cells depend on a constant supply of energy-rich organic molecules from the environment, making the emergence of a specialized system for food digestion and nutrient absorption a crucial innovation for multicellular organisms. The most ancient division within the animal kingdom is between diploblasts and triploblasts (Figure 1). Diploblasts are radially symmetrical animals with two distinct germ layers: an inner layer or endoderm/gut and an outer layer or ectoderm/skin. In between these two layers, triploblasts have an additional layer: the mesoderm (Telford et al., 2015). Because of the lack of this intermediate layer, mesodermal MFs per se are not found in diploblasts. Instead, the gelatinous matrix (mesoglea) between both layers contains large numbers of motile amoebocytes that carry out multiple functions, the most primitive being digestion (Table 1). Amoebocytes ingest and digest food caught by enterocytes and transport nutrients to the other cells. Amoebocytes have been reported in the different diploblastic phyla: Cnidaria (Menzel et al., 2015), Ctenophora (Traylor-Knowles et al., 2019), and Porifera (Adamska, 2016). However, in Placozoa, a sister phylum of Cnidaria, amoebocytes have not been described, probably because these animals are mostly composed of epithelial cells (Mayorova et al., 2019). The ability to phagocyte and move in the mesoglea makes the amoebocytes very similar to mesodermal MFs. Additionally, the presence in these animals of conserved innate defense mechanisms, such as PRRs and pore-forming proteins (e.g., the MF-expressed gene 1 protein, Mpeg1), supports the participation of these amoebocytes in innate immunity (Brennan and Gilmore, 2018; Walters et al., 2020).
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FIGURE 1. Intestinal macrophage-like cell types across animal species. The main kingdoms (bold black) of the Eukaryota domain are listed. In animals, the representative phyla are named and ordered according to currently used phylogenetic trees (Peterson and Eernisse, 2016; Giribet and Edgecombe, 2017; Kocot et al., 2017). Additional information is added in gray (taxonomical or morphological) in green (host defense mechanisms; nutritional phagocytosis not taken into account) and by the colored lines (embryological development). For each phylum, colored icons on the right symbolize the macrophage-like cell type; the question marks indicate a lack of literature for the phylum. In Rotifera, amoebocytes have been described, but their function is more related to their motility, and there are no reports related to their immunological role (Baumann et al., 2000). MHC, Major Histocompatibility complex; PRR, pattern recognition receptors; RAG, recombination-activating gene.




MACROPHAGE-LIKE CELLS IN ACOELOMATE AND PSEUDOCOELOMATE PROTOSTOMES

The triploblasts have two major branches, the Protostomia and Deuterostomia (Figure 1). Their names reflect the fundamentally different fates of the blastopore, the primary embryonic gut opening (Nielsen et al., 2018). In protostomes, the blastopore forms the mouth with the anus forming secondarily (protostomy = mouth first); in the deuterostomes, it is the other way around (deuterostomy = mouth second). The presence of a mouth creates an asymmetry with an anterior–posterior axis making the triploblastic condition a synonym of Bilateria. The gastrointestinal tract (GIT) displays diversified levels of complexity according to species, with the endoderm-derived one-way gut of most bilaterians being the prevailing and more specialized form (Annunziata et al., 2019).

The majority of invertebrates belong to Protostomia, whereas all vertebrates and few invertebrates belong to Deuterostomia (Figure 1). During embryonic development, if a split in the mesoderm forms a fluid-filled body cavity termed coelom, the animal is referred to as coelomate. When the space between the ectoderm and endoderm tissue layers is filled with a meshwork of mesodermal cells (or parenchyma), the animal is referred to as acoelomate. When the mesoderm has fluid-filled clefts in this meshwork, the animal is then termed pseudocoelomate (Monahan-Earley et al., 2013). Acoelomates and pseudocoelomates are found only in Protostomia (Figure 1). By contrast, coelomates are found in both lineages. In several invertebrate phyla, motile MF-like cells in the parenchyma or coelom take up cellular debris resulting from dying cells and actively distribute digested foodstuffs, receiving this material from enteric phagocytes lining the gut (Hartenstein and Martinez, 2019).

The acoelomate protostomes obtain their oxygen and food by simple diffusion across the skin and gut and throughout the intercellular medium. Freely moving reticular cells have been observed in the parenchyma of the platyhelminths (flatworms) (Morita, 1995). These reticular cells are mesenchymal cells that play an important role in nutrient transportation and phagocytosis of foreign material, acting as an immune surveillance system (Table 1). Planarian platyhelminth antimicrobial activities involve an orthologous protein for MORN2, which has been associated with LAP and resistance to bacterial infection in human MFs (Abnave et al., 2014). In Nemertea, amebocytes arising from the intestinal segment were reported to play a central role in graft rejection (Langlet and Bierne, 1984). To our knowledge, there are no reports on the presence of MF-like cells in gnathostomulids.

In pseudocoelomates, the pseudocoelomic fluid serves as the circulatory system for nutrients that are taken up, ingested, degraded, and secreted into the pseudocoelom by the intestinal cells. We did not find any report of MF-like cells in the phyla Gastrotricha, Nematomorpha, and Loricifera. However, in Rotifera, the pseudocoelom of several taxa contains free motile amoeboid cells, but so far, no immune function has been reported for these cells (Baumann et al., 2000). By contrast, phagocytically active amoebocytes have been observed in Priapulida (Mattisson and Fänge, 1973) and Kinorhyncha (Neuhaus and Higgins, 2002). For Nematoda, the cells contained in the pseudocoelomic fluid are termed coelomocytes. Caenorhabditis elegans is a simple and genetically tractable nematode model that has enabled key advances in immunity (Willis et al., 2020). However, there is no evidence that their coelomocytes provide a potent defense against bacterial infection (Table 1). These six oblong MF-like scavenger cells located in the C. elegans body cavity are indeed dispensable to the viability and survival of the worm (Fares and Greenwald, 2001). Nevertheless, studies of C. elegans coelomocytes identified novel components of the endocytic machinery that are conserved in mammals (Fares and Greenwald, 2001; Sato et al., 2014). Moreover, C. elegans coelomocytes have been shown to regulate fat consumption and life span extension upon starvation (Buis et al., 2019). Finally, they participate in metal detoxification (Tang et al., 2020). Interestingly, old studies performed in another nematode, Ascaris suum, have documented the encapsulation of bacteria by coelomocytes (Bolla et al., 1972).



MACROPHAGE-LIKE CELLS IN COELOMATE PROTOSTOMES WITH AN OPEN CIRCULATORY SYSTEM

The advantage of a true coelom is the ability of the inner mesenteric layer to suspend the central gut in the middle of the animals, allowing them to increase their body size. In addition, a circulatory system helps size increase by reducing the functional diffusion distance of nutrients, gases, and metabolic waste products. In animals that have evolved coelom along with a vascular system, cells with the characteristics of MFs are prominent among the circulating cells, commonly referred to as coelomocytes or hemocytes (Hartenstein, 2006). During development, they represent the professional MFs that eliminate apoptotic cells. In addition, they cooperate with humoral factors to battle invading parasites and microbes, many of which enter through the digestive tract.

Blood vascular systems follow one of two principal designs: open or closed. In open circulatory system, the blood, referred to as hemolymph, empties from a contractile heart and major supply vessels into the body cavity termed hemocoel, where it directly bathes the organs. This occurs in arthropods and non-cephalopod molluscs.

In Arthropoda, the fruit fly Drosophila melanogaster has been widely used as a suitable model to study innate immunity and has provided invaluable contributions to the knowledge of innate immune system signaling pathways (Hoffmann and Reichhart, 2002). In D. melanogaster, hematopoiesis does not occur in adult but only during development through two waves (Wood and Martin, 2017; Banerjee et al., 2019; Sanchez Bosch et al., 2019). The first wave occurs in the embryo and gives rise to hemocytes that proliferate during the larval stages. The second wave of hematopoiesis occurs at the larval stage in an organ called the larval lymph gland. MF-like cells termed plasmatocytes represent about 95% of the total hemocyte population in adult. A single-cell transcriptome of hemocytes made it possible to characterize different subsets of plasmatocytes (ranging from 4 to 12 depending on the study), showing an interesting parallel with the great diversity of MFs in mammals (Cattenoz et al., 2020; Cho et al., 2020; Fu et al., 2020; Tattikota et al., 2020). Although the precise functions of each of these subsets remain to be established, plasmatocytes globally serve essential roles in immune response to infection and wound healing (Table 1). While lack of plasmatocytes does not impair fruit fly development, it indeed induces a strong susceptibility to infections by various microorganisms, due notably to an absence of phagocytosis in deficient fruit flies (Charroux and Royet, 2009). Plasmatocytes do not only patrol the body in the circulation but also associate with specific tissues, such as the intestinal epithelium. In the D. melanogaster model, the intestine is composed of three main parts: the foregut, the midgut, and the hindgut. The fore- and hindgut have an ectodermal origin, whereas the midgut, which is the functional equivalent of the mammalian small intestine (SI), has an endodermal origin. Plasmatocytes of embryonic origin specifically colonize a region at the foregut/midgut junction known as the proventriculus, where they form a discrete group of functional MFs able to phagocytose both apoptotic bodies and bacterial intruders (Charroux and Royet, 2009; Zaidman-Rémy et al., 2012). Plasmatocytes circulating in the hemolymph can also infiltrate the midgut when necessary (Ayyaz et al., 2015). In addition to their phagocytic activity, plasmatocytes relay intestinal infection-induced oxidative stress signal and nitric oxide production to the fat body, an organ equivalent to the vertebrate liver, which produces an antimicrobial peptide response (Wu et al., 2012). Like mammal MFs, plasmatocytes switch their metabolic program to aerobic glycolysis in order to mount an efficient antibacterial response (Krejčová et al., 2019). Upon injury, circulating plasmatocytes release the cytokines of the unpaired (Upd) family Upd2 and Upd3, which by retrospective alignments of type I cytokines and functional analogies are most closely related to the vertebrate leptins (Rajan and Perrimon, 2012; Beshel et al., 2017). These cytokines bind to the receptor Domeless that activates the JAK-STAT pathway in the fat body and in the gut, where it stimulates intestinal stem cell proliferation, thereby contributing to fly survival (Chakrabarti et al., 2016).

In bivalve molluscs, the distribution of blast-like cells suggests that hematopoiesis may be widespread in connective tissue, with further development of hemocytes in the hemolymph (Hine, 1999). Two main sub-populations of hemocytes have been identified: granulocytes containing many cytoplasmic granules and hyalinocytes containing few or no granules (Girón-Pérez, 2010). Granulocytes are the main cell type involved in the cellular immune defense of bivalves (Rolton et al., 2020). They are also involved in other physiological functions, such as wound healing and shell repair, digestion, and transport of nutrients. Indeed, in the gut lumen, hemocytes ingest and digest foreign materials and transport the digested materials to the gut lining or other tissues. In addition to this digestive function, hemocytes can engulf and phagocytize foreign pathogens present on the mucosal surfaces of oysters as part of their innate immune functions. Hemocytes routinely traffic between the hemolymph and the outer surfaces of oysters (Provost et al., 2011).



MACROPHAGE-LIKE CELLS IN COELOMATE PROTOSTOMES WITH A CLOSED CIRCULATORY SYSTEM

Closed circulatory systems occur in a wide variety of invertebrates including annelids, cephalopods, and non-vertebrate chordates. Earthworms, which are the best known of all annelids, belong to the class Oligochaeta. Their gut surface is in permanent contact with ingested soil. Moreover, the nephridia and dorsal pores enable microorganisms to enter the coelomic cavity. Hence, both coelom and gut interact with naturally occurring soil microorganisms and have to face strong antigenic environment (Prochazkova et al., 2020). The free circulating immune cells of the coelomic cavity, termed coelomocytes, can be subdivided into two subpopulations, the eleocytes and the amoebocytes (Engelmann et al., 2016). Eleocytes are highly autofluorescent cells due to their large granules termed chloragosomes that contain riboflavin. Eleocytes originate from the chloragogen tissue surrounding the gut and are considered as the terminal differentiation stage of sessile chloragocytes released from this tissue. They have mainly accessory functions such as maintenance of pH and storage of glycogen and lipids. By contrast, amoebocytes are MF-like cells with a broad range of defense functions, including phagocytosis (Engelmann et al., 2016). Two types of amoebocytes have been described, hyaline and granular amoebocytes, without clear separate functions. PRRs [coelomic cytolytic factor (CCF) and lipopolysaccharide (LPS)-binding protein (LBP)] and the TLR signaling pathway molecule Myd88 genes are typically expressed by amoebocytes but not eleocytes, supporting the role of amoebocytes in pathogen detection and neutralization (Bodó et al., 2018). Moreover, amoebocytes express higher levels of the oxidative stress-related super oxide dismutase and antimicrobial lysozyme and lumbricin genes (Bodó et al., 2018). Dermal contact with immunostimulants decreases coelomocyte total number but increases the proportion of granular amoebocytes among them and induces ROS production (Homa et al., 2013, 2016). Experimental microbial challenge triggers the release of phagocytic coelomocytes from the mesenchymal lining of the coelom and thus increases the defense reaction in the coelomic cavity of earthworms (Dvorák et al., 2016).



MACROPHAGE-LIKE CELLS IN INVERTEBRATE DEUTEROSTOMES

Deuterostomes include two main phyla: Echinodermata and Chordata (Figure 1). In echinoderms, the circulating immune cells, i.e., the coelomocytes, are heterogeneous in morphology, size, relative abundance, and functions. This makes a single standard classification for all echinoderms a difficult task. The distribution of these cell types is also highly variable among species and even at the individual level (Smith et al., 2018). Nevertheless, phagocytes are present in all echinoderm classes and are the main effectors of the echinoderm immune system. These phagocytes respond to immune challenges through phagocytosis, encapsulation, syncytia formation, and expression of complement components (Golconda et al., 2019).

The sea urchin larva has five major types of immune cells that populate the body cavity (blastocoel), including two phagocytic cell types termed filopodial and ovoid cells (Table 1) (Ho et al., 2017). Filopodial cells extend long filopodia that form a reticular network in the blastocoel (Buckley and Rast, 2019). They are likely the MF-like cells observed by Elie Metchnikoff in his seminal works on phagocytosis. Ovoid cells are rarely present at steady state but rapidly appear upon immune challenge and could therefore represent an activation state of some of the filopodial cells. Upon sea urchin larva gut disturbance through the presence of pathogenic bacteria in the seawater, a coordinated immune response takes place (Ho et al., 2017). A subset of immune cells termed pigment cells rapidly migrates from the ectoderm to the gut epithelium where they secrete their antibacterial iron chelator pigment echinochrome A (Ho et al., 2017; Coates et al., 2018). Then, the number and duration of cell–cell interactions among immune cells and with the gut epithelium increase (Ho et al., 2017). Finally, filopodial cells quickly phagocytose bacteria that penetrate the blastocoel of larvae. This coordinated immune response is at least in part launched by secretion of IL-17 family members by gut epithelial cells (Buckley et al., 2017).



VERTEBRATE MACROPHAGES

The phylum Chordata consists of three subphyla: Urochordata, Cephalochordata, and Vertebrata. Vertebrates possess non-phagocytic enterocytes, and a clear dichotomy is made at this level between the digestive and immune function of phagocytosis (Hartenstein and Martinez, 2019). Moreover, vertebrates have evolved adaptive immunity that can recognize and respond to specific antigen determinants thanks to the somatic DNA rearrangement of segmental elements encoding the antigen binding regions of their T and B cell receptors (Cooper and Alder, 2006). Together with adaptive immunity appears a new type of mononuclear phagocytes termed dendritic cells (DCs). DCs make the link between innate and adaptive immunity by initiating and controlling antigen-specific immunity through presentation of antigenic epitopes on MHC class I and class II molecules (Banchereau and Steinman, 1998). Therefore, the vertebrate mononuclear phagocyte system comprises monocytes, MFs, and DCs, as well as their lineage-committed progenitors (Guilliams et al., 2014). The intestinal immune system of vertebrates comprises a unique array of innate and adaptive immune cells. Along the intestinal tract, immune cells are either disseminated throughout the mucosa forming a diffuse distribution or clustered in organized lymphoid tissues. The latter, termed organized gut-associated lymphoid tissues (GALT), initiate the intestinal immune response. Organized GALT have been reported in their simplest forms in all classes of vertebrates but are especially well-developed in the endotherms, mainly mammals and birds.

The bone marrow is the hematopoietic organ in all vertebrates except some amphibians in which hematopoiesis can also occur in the liver and fishes in which hematopoiesis occurs only in the kidney. Fishes are the most primitive animals in which an adaptive immunity is present. In zebrafish, the first embryonic MFs originate from the mesoderm and migrate over the yolk ball before colonizing other tissues, whereas in adults, myeloid-lineage progenitors arise from the kidney (Stachura and Traver, 2011). MFs and DCs are especially abundant in the spleen and gut (Wittamer et al., 2011). In the adult zebrafish, the gut can be divided following the anterior–posterior axis into seven segments, from the proximal S1 to the most distal S7 (Wang et al., 2010). Each segment exhibits functional differences and also similarities to the mammalian GIT; e.g., the S7 represents the colon-like region (Wang et al., 2010; Lickwar et al., 2017). Distribution of MFs and DCs along these segments and the ability of these phagocytes to sample luminal antigens depending on their location have not been determined so far. Interestingly, Interferon Regulatory Factor 8 (IRF8) depletion leads to a lack of MFs during embryonic development with only partial recovery in adults (Li et al., 2011; Shiau et al., 2015; Ferrero et al., 2020). Thus, brain and gut resident MFs remain strongly impacted by IRF8 deficiency (Earley et al., 2018). Importantly, like in mammals, intestinal MFs are required for shaping the gut microbiota, and dysbiosis occurs in MF-deficient zebrafish (Table 1) (Earley et al., 2018). In addition, IRF8-dependent MFs are the main producers of the complement C1q genes in the intestine (Earley et al., 2018). Zebrafish intestinal MFs show other similarities with their mammal counterparts. Thus, like in mouse and human, CD4+ MFs and regulatory T (Treg) cells reside in the zebrafish gut mucosa (Dee et al., 2016). Moreover, microbiota and inflammation promote G-protein-coupled receptor 35 expression in mouse and zebrafish intestinal MFs, which have a protective role during intestinal inflammation by inducing TNF synthesis upon lysophosphatidic acid binding (Kaya et al., 2020). Finally, like in mammals, intestinal inflammation entails infiltration into the gut mucosa of inflammatory MFs, which elicit a Th17 cell response together with a decrease of Treg cells (Coronado et al., 2019). Moreover, in a zebrafish colitis model, MFs promote intestinal inflammatory lymphangiogenesis via their vascular endothelial growth factor gene expression (vegfa, vegfc, and vegfd), highlighting the potential of the zebrafish model to investigate the mechanism of lymphangiogenesis in inflammatory bowel diseases (IBDs) (Okuda et al., 2015).

Amphibians rely heavily on MFs not only for immune defense but also for homeostasis and tissue remodeling/resorption. Most of the literature on amphibian MFs is related to programmed cell death and tissue remodeling during metamorphosis (Grayfer and Robert, 2016). Hematopoiesis of primitive and mainly aquatic amphibian species occurs in the liver, whereas hematopoiesis of more terrestrial amphibian species occurs in the bone marrow (Grayfer and Robert, 2016). In the frog Xenopus laevis, the principal site of hematopoiesis is still the liver subcapsular region, but myelopoiesis, i.e., the differentiation of the granulocyte MF precursor (GMP) into granulocytes and MFs, occurs in the bone marrow (Grayfer and Robert, 2013; Yaparla et al., 2016). Precursors with GMP potential migrate from the liver to the bone marrow under the influence of chemokines enriched in the bone marrow, such as CXCL12 (Yaparla et al., 2019). MF differentiation is controlled through binding of the main MF growth factor, colony-stimulating factor-1 (CSF1) to its CSF1 receptor (CSF1R), which is almost exclusively expressed on committed MF precursors (Grayfer and Robert, 2016). IL-34 is as an alternative CSF1R ligand, giving rise to morphologically and functionally distinct MFs (Yaparla et al., 2020). Unfortunately, to our knowledge, the literature on amphibian intestinal MFs consists mainly of old descriptive studies. Lymphoid aggregates resembling mammalian isolated lymphoid follicles (ILFs) have been observed in the urodele amphibians (Ardavín et al., 1982). In these structures, the number of goblet cells decreases, and lymphoid cells, including MFs, penetrate the intestinal epithelium. In the gut lamina propria of toads, MFs tend to cluster and interact with lymphocytes and plasma cells (Chin and Wong, 1977).

Most studies on reptile immune function have focused on systemic immune responses, leaving an important knowledge gap in the mucosal immune responses. Indeed, literature on reptile intestinal immunity consists mainly of descriptive studies (Borysenko and Cooper, 1972; Zapata and Solas, 1979; Solas and Zapata, 1980; Ashford et al., 2019). Reptiles possess primary lymphoid organs such as bone marrow and thymus but lack secondary lymphoid tissues such as Peyer's patches (PPs) or mesenteric lymph nodes (MLNs). Instead, numerous ILF-like lymphoid aggregates are located throughout the small and large intestines. These aggregates are enriched in small lymphocytes and MFs (Borysenko and Cooper, 1972; Zapata and Solas, 1979; Solas and Zapata, 1980; Ashford et al., 2019). MFs are dispersed in the lamina propria but can migrate to the intestinal epithelium in these lymphoid aggregates (Solas and Zapata, 1980). Interestingly, the number of lymphoid aggregates in the SI of poikilothermic snakes depends on the season, diminishing in spring and summer (Solomon et al., 1981). Moreover, temperature can affect functions of lizard MFs, which have an optimal phagocytic activity at 25°C (Mondal and Rai, 2001). In reptiles, the enteropathogenic bacteria Salmonella enterica colonize the intestinal tract without any signs of disease, but MFs seem not to be involved in this protection since S. enterica is able to kill turtle MFs (Pasmans et al., 2002).

Like mammals, birds have a well-developed mucosal immune system, with several organized GALT. They include the primary lymphoid organ termed bursa of Fabricius and several secondary lymphoid organs, namely, PPs, cecal tonsils, and Meckel's diverticulum (Casteleyn et al., 2010). The chicken gut lamina propria contains various innate immune cells such as heterophils (the avian polymorphonuclear cells), natural killer cells, DCs and MFs, although the differences between the latter two have not been carefully assessed (Broom and Kogut, 2018). Chicken MFs/DCs display a range of PRRs, expression of MHC class II, and phagocytic and antimicrobial activities. Like in mammals, early-life microbial colonization is critical for the immunological maturation of the avian gut, and short early-life antibiotic treatment induces alteration of mucosal gene expression and a decrease of MF number in the gut lamina propria for at least 2 weeks (Schokker et al., 2017). In chicken duodenum, jejunum, and ileum, MFs/DCs are involved in antigen uptake and provide protection against invading pathogens (Table 1) (Taha-Abdelaziz et al., 2020). During coccidiosis, MFs are the principal cell type involved in the clearance of the sporozoites by phagocytosis (de Geus and Vervelde, 2013). During Salmonella infection, resistance depends on a genetic locus SAL1 and has been linked to MFs with better oxidative killing activity and greater and faster expression of proinflammatory cytokines (Wigley, 2014). During dextran sulfate sodium (DSS)-induced intestinal inflammation, increased monocyte/MF infiltration occurs in all segments of laying hen intestine (Nii et al., 2020).

In mammals, embryonic MFs initially originate from yolk sac erythro-myeloid progenitors (Hoeffel and Ginhoux, 2018). Subsequently, early hematopoietic stem cells (HSCs) settle first in the fetal liver and later in bone marrow to form a permanent, self-renewing source of monocytes. Monocytes infiltrate tissues and can replace and differentiate into tissue-resident MFs to varying degrees depending on the organs and the encountered immune challenges, with most MFs keeping an embryonic origin and self-renewal (Hoeffel and Ginhoux, 2018; Liu et al., 2019). Importantly, MF renewal by monocytes is especially prevalent in the intestine, which is always subject to antigenic stimulation whether through food, drink, or microbiota (Bain et al., 2014). In rodents and in human, the GIT is complex and divided longitudinally from the duodenum to the rectum, with functional and morphological distinctions between the small (duodenum, jejunum, and ileum) and large (cecum and proximal and distal colon) intestines (Mowat and Agace, 2014). The SI is specialized in the absorption of nutrients, whereas the primary function of colon is the absorption of water and electrolytes. The SI has villi that increase its surface of exposure to the intestinal lumen content, a thinner and less well-organized mucus layer, and reduced microbial communities than the colon. Mammalian MFs can fulfill the auxiliary functions necessary for the homeostasis of each tissue of residence, such as peristaltic movements and tolerance induction toward dietary and microbiota-derived antigens in the intestine. In the recent years, single-cell RNA sequencing associated with high-resolution confocal microscopy, multiparameter flow cytometry, and functional assay analyses have allowed to reveal unsuspected aspects of the local and regional specialization of MFs in mouse and human intestine as discussed below and shown in Table 2.


Table 2. Local and regional specialization of intestinal macrophages in human and mouse.
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TELL ME WHERE YOU LIVE AND I WILL TELL YOU WHAT KIND OF MACROPHAGE YOU ARE

We have seen that across species, specialized cells assume at least one of the main activities of what we call MF in vertebrates: phagocytosis. These cells show a remarkable plasticity according to their local microenvironment, i.e., the network of factors and cells with which they interact. With the increasing complexity of tissue functions occurring during the metazoan evolution, these cells have diversified even more and have acquired dedicated functions to offer protection and to sustain activity of their tissue of residence.

The specific stromal microenvironment that surrounds HSCs in the bone marrow has been identified decades ago as niches indispensable for the maintenance and differentiation of HSCs (Morrison and Scadden, 2014). However, it is only very recently that this concept of niche has been fully appreciated for peripheral tissues, especially for MF identity imprinting (Gosselin et al., 2014; Lavin et al., 2014; van de Laar et al., 2016). Two recent reviews have described how this local microenvironment is now crucial to be considered in order to better characterize and understand the functions of tissue-resident MFs (Blériot et al., 2020; Guilliams et al., 2020). Nowadays, studies dedicated to the conditioning of MFs by their local microenvironment are mainly developed in human and mouse in which a unique MF transcriptional program seems to correspond to each specific niche of the intestine (Bujko et al., 2018; De Schepper et al., 2018; Kang et al., 2020). Since phagocytic cells interact with and react to external factors and neighboring stromal and immune cells whatever the species considered, we however assume that this concept can be widely extended to other species.

In the following parts, we detail how intestinal MF identity and functions are impacted by their niche of residence. We particularly focus on the (re)categorization of the MFs according to their anatomical location within the intestinal mucosa (Table 2). We also consider the strong influence of two exogenous factors inseparable from the intestine, the intestinal microbiota and the dietary antigens.


A (Re)Categorization of Intestinal Macrophages by Their Radial Distribution and Local Compartmentalization: Protecting and Supporting Your Immediate Neighbors

Most intestinal MFs along the GIT share some common functions, such as the phagocytosis of microorganisms and dead cells. They also share some common specific markers, such as CX3CR1 and F4/80 in mouse and CD14 and CD16 in human (Bain et al., 2013; Bujko et al., 2018). In addition, in both species, intestinal MFs express CD64, CD163, and MerTK. At the exception of immune inductive sites such as PPs as discussed later, gut MFs display anti-inflammatory properties at steady state. They indeed weakly respond to many different innate stimulations, constitutively express IL-10 and its receptor, participate in Treg cell expansion, and protect from colitis (Hadis et al., 2011; Bain et al., 2013; Shouval et al., 2014; Zigmond et al., 2014). According to their anatomical location, intestinal MFs interact with specific cells and detect and respond to specific factors that make them crucial support units of their microenvironment. In turn, the latter is decisive for MF recruitment and differentiation in relation to the different anatomic layers of the intestine. Therefore, from the serosa to the epithelium, MFs are territorialized to accomplish specific functions (Table 2).

Two main categories of MFs are present in the small and large intestines of mammals: lamina propria MFs (LPM) and muscularis MFs (MM) (Hume et al., 1984; Mikkelsen, 1995). LPM can be further subdivided into mucosal and submucosal LPM with different life span, transcriptional program, and functions (De Schepper et al., 2018). Mucosal LPM from the SI to the colon line the intestinal epithelium on the one hand and the vasculature on the other hand (Niess et al., 2005; Chieppa et al., 2006; Chikina et al., 2020; Honda et al., 2020). Mucosal subepithelial LPM are thus strategically positioned to sample luminal antigens and to protect the mucosa from enteropathogens that can penetrate the epithelial barrier. In the mouse SI, the pathogenic bacteria Salmonella Typhimurium induce the formation of paracellular transepithelial dendrites by subepithelial LPM, allowing them to capture bacteria directly from the lumen (Niess et al., 2005; Chieppa et al., 2006). In accordance with their bacteria-inducible nature, LPM transepithelial dendrites occur more frequently where bacteria are abundant, i.e., at the tip of villi of the terminal ileum rather than in other parts of the SI (Niess et al., 2005; Chieppa et al., 2006). Whether LPM transepithelial dendrites represent an important mechanism of antigen sampling that could occur in absence of pathogenic bacteria remains under debate (McDole et al., 2012). Salmonella Typhimurium induce also the migration of mouse subepithelial LPM into the gut lumen to participate in the immune exclusion of the bacteria from the gut (Arques et al., 2009; Man et al., 2017). Importantly, both transepithelial dendrites and luminal migration are dependent on CX3CR1 expression by subepithelial LPM and on MyD88-dependent TLR signaling by intestinal epithelial cells (Chieppa et al., 2006; Arques et al., 2009; Man et al., 2017). Whether these partial (dendrites) or complete (luminal migration) transepithelial passages occur in human has yet to be established, especially since CX3CR1 expression by human intestinal LPM is reduced as compared with that in mice (Bujko et al., 2018). Nevertheless, a missense mutation in the CX3CR1 gene has been identified in Crohn's disease patients and was linked to an inefficient antifungal response (Leonardi et al., 2018). This suggests that CX3CR1 is at least important in human for the control of the fungi gut community. Unlike conventional DC, mucosal LPM are unable to migrate into the gut-draining MLNs to present pathogen-derived antigens and prime naïve T cells (Schulz et al., 2009; Bravo-Blas et al., 2019). Nevertheless, they can transfer antigens via gap junctions to neighboring conventional DC that can in turn express CCR7, migrate to the MLNs, and prime naïve T cells (Mazzini et al., 2014). Mucosal conventional DC can also acquire soluble and particulate antigens directly from the lumen through several mechanisms (McDole et al., 2012; Farache et al., 2013), raising the question of the real contribution of MFs to the provision of antigens for antigenic presentation.

Another subpopulation of CX3CR1+ mucosal and also submucosal LPM is closely associated to the intestinal vasculature in mice (De Schepper et al., 2018; Honda et al., 2020). Perivascular LPM are either self-maintaining throughout adulthood, especially submucosal ones, or replaced by monocytes on a regular basis, especially mucosal ones (De Schepper et al., 2018). The full maturation of the latter from Ly6hi monocytes is ensured by the microbiota and by the transcription factor NR4A1, a master regulator of the conversion of CCR2hiCX3CR1intLy6Chi into CCR2loCX3CR1hiLy6Clo monocytes (Honda et al., 2020). Mucosal perivascular LPM form tight interdigitating connections around all of the vasculature of both SI and colon by which they prevent bacteria translocation into the blood circulation (Honda et al., 2020). Therefore, both subepithelial and perivascular mucosal LPM are fully equipped to prevent penetration of pathogens through epithelial and vascular barriers, offering thus a double defensive line. By contrast, submucosal perivascular LPM are distant from the lumen, the microbiota, and potential pathogens. They acquire a transcriptional profile in relation to their niche, including angiogenesis-related genes, and are necessary for the repair and strengthening of the vasculature since lack of perivascular LPM disturbs the vasculature morphology and induces particle leakage from the blood (De Schepper et al., 2018).

At the base of SI and colonic crypts, a specific subset of submucosal LPM expressing CD169 is tightly associated with the epithelial stem cell niche (Pull et al., 2005; Hiemstra et al., 2014; Asano et al., 2015; Sehgal et al., 2018) (Table 2). In the SI, depletion of these stem cell niche-associated LPM following CSF1R blockade induces a defect in Paneth cell differentiation and a reduction in LGR5+ intestinal stem cell numbers (Sehgal et al., 2018). This leads to reduced epithelial proliferation and imbalanced intestinal epithelial cell ratio, notably favoring goblet cells. Therefore, stem cell niche-associated LPM are crucial in the appropriate differentiation of SI epithelial cells. Surprisingly, in the colon, Csf1-deficient op/op mice with strong LPM depletion show normal colonic crypt morphology, suggesting that unlike SI, colon stem cell niche-associated LPM are not essential to maintain the colonic stem cell niche (Cecchini et al., 1994). Nevertheless, during injury, the colonic stem cell niche-associated LPM are essential to promote the regenerative response, i.e., the proliferation and the survival of colonic epithelial progenitors (Pull et al., 2005). Similarly, in fruit fly, plasmatocytes induce stem cell proliferation in the intestine in response to wounding via their secretion of Upd2 and Upd3 (Chakrabarti et al., 2016). Therefore, as for mouse stem cell niche-associated LPM, fruit fly plasmatocytes can be tightly associated with the intestinal epithelium and can play a major role in tissue repair, highlighting a highly conserved mechanism of cooperation between phagocytes and gut epithelial stem cells.

In mammals, MM display either bipolar (circular muscle and deep muscular plexus MM) or stellate (serosal and myenteric MM) shapes and are closely associated with smooth muscles and enteric neurons of the muscularis externa, distant from any luminal stimulation (Mikkelsen, 1995; Phillips and Powley, 2012). Accordingly, MM display a gene expression profile associated with tissue protection and neuronal development (Gabanyi et al., 2016; De Schepper et al., 2018). MM play a major role in regulating intestinal peristalsis by producing BMP2 and PGE2, which act on enteric neurons and smooth muscles, respectively (Muller et al., 2014; Luo et al., 2018). In addition, MM play a neuroprotective role by limiting infection-induced neuronal loss through an adrenergic/arginase 1/polyamines axis (Matheis et al., 2020). The development of MM is ensured by CSF1 produced by their associated enteric neurons (Muller et al., 2014). However, other cells (e.g., endothelial cells or interstitial cells of Cajal) can replace enteric neurons since MM are not impacted in mice lacking enteric neurons, as well as in humans in whom the enteric nervous system is absent from the colon (Hirschsprung disease) (Avetisyan et al., 2018). Neuron-associated MFs are also present in the submucosal LP, where they could play a role in the regulation of the intestinal secretion induced by neurons (De Schepper et al., 2018).

From the SI to the colon, from rodents to humans, most mucosal LPM are continuously renewed by blood monocytes (Tamoutounour et al., 2012; Bain et al., 2013, 2014; Bujko et al., 2018). In mice, LPM differentiation from Ly6Chi monocytes is phenotypically characterized by four developmental stages termed monocyte waterfall (Tamoutounour et al., 2012; Bain et al., 2013). Nonetheless, a large part of MM and of the submucosal LPM, especially those associated with neurons and vasculature, appears to be long-lived self-maintained cells and are barely replaced by circulating monocytes (De Schepper et al., 2018; Shaw et al., 2018). These MFs are indeed distant from the gut lumen and thus from microbiota and dietary antigens, the well-known drivers of intestinal MF replacement by circulating monocytes (Bain et al., 2014; Ochi et al., 2016). This may explain their self-maintaining property, which is very similar to that of MFs residing in other tissues (Hashimoto et al., 2013; Yona et al., 2013; Liu et al., 2019). In humans, a recent study went through the characterization of MFs within the upper part of the SI (Bujko et al., 2018). They encompass four well-defined subsets based on marker expression, transcriptional profiles, maturation stage, life span, and location. LPM and MM represent two of these subsets, whereas the other two are related to the monocyte to MF conversion.




(RE)CATEGORIZATION OF INTESTINAL MACROPHAGES BY THEIR GUT SEGMENT LOCATION: INFLUENCE OF DIETARY ANTIGENS AND OF MICROBIOTA

Local compartmentalization of intestinal MFs is broadly similar between the SI and the colon. However, MF numbers are generally higher in the colon than in the SI. Moreover, despite similar differentiation programs and markers, MFs of the SI and of the colon are clearly distinct. Thus, monocytes infiltrating the gut acquire intestinal segment-specific gene expression profiles (Gross-Vered et al., 2020). Their differences are mainly due to the specific functions of each segment of the GIT and to the different exogenous antigens they are exposed to. Thus, ileal MFs display higher expression of genes related to immune reaction and response to challenge than colonic MFs (Gross-Vered et al., 2020). In the following part, we will describe how phenotypically similar MFs can act differently according to their gut segment location.

As mentioned above, the main function of the SI is to absorb nutrients, and its large surface area is continually exposed to important amounts of dietary-derived products. Microbiota density increases drastically from the duodenum to the colon according to gut physico-chemical environment variations (e.g., oxygen and pH levels). Therefore, the colon faces a huge amount of diverse microorganisms (commensal bacteria, archaea, virus, and fungi) and their derived metabolites. The number of goblet cells also increases significantly from the SI to the colon. Consistent with this increased goblet cell frequency, the mammalian colon is protected by thicker and more organized mucus layers than the SI, keeping microorganisms at bay from the epithelium (Johansson et al., 2008; Bergstrom et al., 2020).

Whereas in the colon the microbiota promotes LPM renewal by circulating monocytes and contributes to their functional diversification (Bain et al., 2014; Kang et al., 2020), in the SI, intestinal microbiota is a major factor neither for the control of MF replenishment nor for their IL-10 production (Ochi et al., 2016). Consistently, there is no difference in the number of SI LPM populations between antibiotic-treated and untreated mice. However, dietary factors can directly regulate homeostasis of SI LPM, and a total deficiency in dietary amino acids or the inhibition of the mTOR-mediated amino acid sensing leads to a reduction of IL-10-producing MF number (Ochi et al., 2016). Actually, many other molecules resulting from the degradation of the food, such as vitamins and aryl hydrocarbon receptor (AHR) ligands, are susceptible either directly or indirectly to influence intestinal MF functions in the SI (Mowat and Agace, 2014).

Drosophila melanogaster is a good model to study the impact in the gut of imbalanced diets, such as the high-fat and Western diets, or of potential toxic products, such as fried food-derivatives. In the fruit fly, lipid peroxidation products of fried food induce an increase of ROS production and DNA damages in plasmatocytes (Demir and Marcos, 2017). A similar study was recently performed in mouse and confirmed that dietary peroxidized fats induce proinflammatory responses by peritoneal MFs and resident immune cells in PPs (Keewan et al., 2020). With regard to high-fat diet, Woodcock et al. showed that lipid-rich diets reduce the life span of D. melanogaster and impair its glucose metabolism (Woodcock et al., 2015). This is due to the activation of the JAK-STAT pathway in response to the Upd3 secreted by the plasmatocytes that become foamy, accumulating neutral triglycerides and other lipids in lipid vacuoles. In mouse, Kawano et al. highlighted that high-fat diet induces CCL2 expression by colonic IEC leading to CCR2-dependent proinflammatory MF infiltration in the colon, which results in inflammasome activation in these newly recruited MF, increased intestinal permeability, and glucose metabolism and insulin resistance impairment (Kawano et al., 2016). The western diet includes a high intake of proteins (mainly from animal-derived sources), saturated fatty acids (SFAs), sugar, processed food, and salt, together with a reduced consumption of vegetables, fruits, vitamins, minerals, and ω-3 polyunsaturated fatty acids (PUFAs). SFAs activate proinflammatory response in MFs through the TLR4-NF-κB pathway (Lee et al., 2003). By contrast, specialized proresolving mediators (SPMs) are a large class of signaling molecules that counteract the effect of proinflammatory dietary antigens on intestinal MFs. SPMs are derived from the metabolism of ω-3 PUFA supplied in the diet, giving rise to protectins, resolvins, and maresins. Alternatively, they are produced as eicosanoids (prostaglandin D2 and E2 and lipoxin A4) by immune (including MFs) and non-immune cells (Na et al., 2019). SPMs influence MF differentiation toward a proresolving phenotype. Proresolving MFs dampen Th1 and Th17 responses, re-establish breached epithelial barrier, limit entry of neutrophils to the site of injury, and promote monocyte migration (Na et al., 2019). Thus, protectins and resolving D1 promote resolution of inflammation by increasing MF phagocytosis and suppressing inflammatory MFs in inflammatory diseases (Buckley et al., 2014). In summary, diet is a key element to take into account when studying variations in LPM functions. However, it is important to keep in mind that most of the research studying the interplay between the dietary antigens and the intestinal MFs have been performed in vitro. Therefore, more in vivo studies will be required to fully address the impact of diet on the different populations of intestinal MFs.

The main function of the colon is to absorb electrolytes and water and also to manage undigested foodstuffs. Through saccharolytic and proteolytic fermentations, the colon microbiota is involved in the catabolism of remaining indigestible food and produces a variety of metabolites in the colon including short-chain fatty acids (SCFAs), which are involved in colonic LPM conditioning. Thus, antibiotic treatments cause colonic LPM to express increased levels of proinflammatory cytokines following microbiota recolonization and to become responsive to LPS stimulation (Scott et al., 2018). Interestingly, supplementation of antibiotics with the SCFA butyrate, whose production is reduced under antibiotic treatment, restores the anti-inflammatory profile and hypo-responsiveness of colonic MFs (Scott et al., 2018). Administration of butyrate also promotes colonic LPM antimicrobial activities, such as lysozyme, calprotectin, and ROS production (Schulthess et al., 2019). Anti-inflammatory and anti-microbial effects of butyrate are mediated via inhibition of histone deacetylase 3, thus regulating MF transcriptional and metabolic program (Chang et al., 2014; Schulthess et al., 2019). More generally, microbiota contributes to the functional diversification of colon MFs (Kang et al., 2020). It supports in particular colonic LPM production of IL-10 and limits Th1 cell response while promoting Treg cell expansion (Kim et al., 2018).

Colonic LPM conditioning depends not only on microbiota but also on TGFβ and, above all, IL-10 signaling (Schridde et al., 2017; Biswas et al., 2018). Indeed, IL-10 signaling pathway promotes WASP and DOCK8 interaction leading to STAT3 phosphorylation and anti-inflammatory MF polarization (Biswas et al., 2018). By contrast, lack of IL-10 signaling induces a proinflammatory profile on colonic MFs highlighted by IL-23 and IL-1β production, leading to recruitment of Th17 cells and promoting colitis (Shouval et al., 2016; Bernshtein et al., 2019). Loss of IL-10 receptor signaling in mouse and human MFs indeed induces spontaneous colitis and severe infant-onset IBD, respectively (Shouval et al., 2014; Zigmond et al., 2014). Surprisingly, though more inflammatory, these MFs show defect in Salmonella Typhimurium killing due to prostaglandin E2 overproduction (Mukhopadhyay et al., 2020).

Depending on the location of encountered microorganisms, CX3CR1+ LPM induce regionalized antigen-specific Th17 responses (Table 2). Thus, CX3CR1+ LPM are involved in the induction in the SI of a specific and robust Th17 response against segmented filamentous bacteria (SFB) that colonize specifically the ileum (Panea et al., 2015). Unlike pathogen-elicited Th17 cells that are highly glycolytic inflammatory effector cells producing IFNγ, SFB-induced Th17 cells are non-inflammatory homeostatic tissue resident cells (Omenetti et al., 2019). By contrast, colonization with the fungus Candida albicans induces a strong Th17 response in the colon where it resides but not in the SI (Leonardi et al., 2018). Actually, colonic LPM are fully equipped to efficiently recognize and respond to the important fungal communities (mycobiota) found in the distal colon, notably via the C-type lectin receptors dectin-1, dectin-2, and mincle (Iliev et al., 2012; Leonardi et al., 2018). Dectin-1 promotes a proinflammatory program in colonic MFs, resulting in inflammasome-dependent IL-1β secretion and inflammatory monocyte recruitment to the inflamed colon (Rahabi et al., 2020). In contrast, Treg cells regulate the inflammatory properties of colonic MFs by inhibiting their IL-1β and IL-23 production (Bauché et al., 2018). This inhibition involves MHC class II engagement by latent activation gene-3 (LAG-3) expressed on Treg cells. Interestingly, the way by which LPM from the distal colon sense their microenvironment is completely different from that performed by SI and proximal colon LPM (Table 2). Indeed, distal colon LPM form balloon-like protrusions that insert between colonic epithelial cells but do not extend into the lumen like in the SI (Chikina et al., 2020). They remain instead confined in the intercellular space of the epithelium. These balloon-like protrusions, which are induced by the presence of fungi in the lumen, sample the fluids absorbed by epithelial cells to detect toxins among fungi metabolites. By instructing them to stop absorption, MFs with balloon-like protrusions protect colonic epithelial cells from dying of absorbing too much fungal toxins (Chikina et al., 2020).



SPECIFICITY OF INTESTINAL IMMUNE INDUCTIVE SITE MACROPHAGES

As mentioned above, the gastrointestinal mucosa of vertebrates has specialized sites dedicated to the detection of pathogens in contaminated food and water. Indeed, in reptiles, amphibians, and lungfishes, the gut contains lymphoid aggregates resembling the ILFs found in mammals (Borysenko and Cooper, 1972; Zapata and Solas, 1979; Solas and Zapata, 1980; Tacchi et al., 2015; Ashford et al., 2019). Like mammal ILFs, the number and size of these aggregates increase with microbial challenges (Tacchi et al., 2015; Ashford et al., 2019). Based on recent observations made on lungfish, it seems however that these lymphoid aggregates lack a well-structured organization, showing no segregation between B and T cells, no germinal center, no AID expression, and no somatic hypermutation (Tacchi et al., 2015). The cellular composition of these primitive aggregates is otherwise poorly described; and MFs, although observed by electron microscopy (Ardavín et al., 1982), have not been well-characterized.

In addition to ILFs, mammals and also birds have PPs that are distributed along the SI, especially in the last part of the ileum (Jung et al., 2010). PPs consist of clustered B cell follicles forming domes on the surface of the mucosa. These domes are separated from each other by dome-associated villi (DAV) over interfollicular regions (IFRs) enriched in T cells. A specialized follicle-associated epithelium (FAE) separates the subepithelial dome (SED) above the follicle from the gut lumen. This FAE provides a permissive environment for pathogen entry. Indeed, it secretes no or few IgA and antimicrobial proteins and is covered by a reduced mucus layer. This is due to lack of polymeric Ig receptor expression, inhibition of IL-22 signaling, and diminished number of goblet cells (Bhalla and Owen, 1982; Pappo and Owen, 1988; Jinnohara et al., 2017). Moreover, the glycocalyx is attenuated over the FAE favoring interaction of luminal antigens with the mucosal surface (Frey et al., 1996; Mantis et al., 2000). Finally, the specialized FAE cell termed M cell efficiently binds and transports all kind of antigens from the lumen to the SED (Ohno, 2016; Kobayashi et al., 2019). Therefore, PP MFs are continually exposed to much more threatening elements than other intestinal MFs. They are accordingly equipped with a whole arsenal against pathogens and prone to promote an inflammatory response (Bonnardel et al., 2015; Wagner et al., 2018). Until now, these MFs have been mainly characterized in mice and to a much lesser extent in humans (Table 2). At the exception of DAV MFs that closely resemble LPM of standard villi, other PP MFs are profoundly different from all other MF populations (Wagner et al., 2018). This is exemplified by their lack of F4/80 and CD64 expression in mice and of CD163 in humans (Bonnardel et al., 2015; Wagner et al., 2018, 2020). Nevertheless, they share with most, if not all, mouse MFs the expression of the apoptotic receptor MerTK and high levels of the chemokine receptor CX3CR1, both markers enabling their distinction from conventional DC (Bonnardel et al., 2015, 2017; Wagner et al., 2020). In relation to their important role in innate defense, PP MFs express very large amounts of the antibacterial protein lysozyme, which was the first reliable marker to identify monocyte-derived cells in PPs of mice, rats, and humans (Lelouard et al., 2010). This has given rise to their LysoMac nickname for lysozyme-expressing MFs (Bonnardel et al., 2015). Interestingly, monocytes give also rise in PPs to the unique lysozyme-expressing DC termed LysoDC. LysoDC have a transcriptional program close but not identical to that of PP MFs as they display additional functions, notably in terms of antigen presentation (Bonnardel et al., 2015; Martinez-Lopez et al., 2019; Wagner et al., 2020). Like conventional DC, mature LysoDC are indeed able to prime naïve T cells at least in vitro for IFNγ and IL-17 production (Bonnardel et al., 2015; Martinez-Lopez et al., 2019). This ability is strengthened by stimulation with a TLR7 ligand. In addition, TLR7 stimulation induces expression of CCR7 by subepithelial LysoDC and promotes their migration to the periphery of the IFR where they encounter naïve T cells and where they interact tightly with newly activated proliferative T cells (Wagner et al., 2020). At steady state, very few if any LysoDC are in the IFR, and only few of them are located in the follicle, with most of them being in the SED where they excel in antigen capture. Conversely, MFs have been observed in all regions of PPs (Bonnardel et al., 2015). In addition to LysoMac, mainly located in the SED, the follicle, and the IFR, there are indeed muscularis and serosal MFs, and germinal center tingible body MFs (TBM). Interestingly, these different anatomic locations are tightly linked to phenotypic distinctions between PP MFs (Table 2). Thus, muscularis and serosal MFs below the IFR express CD169, whereas other PP MFs do not. As well, TBM and interfollicular and lower follicular LysoMac express the phosphatidylserine receptor TIM-4, whereas subepithelial and upper follicular LysoMac do not. This suggests that an important regional specialization of MF functions exists inside the PPs itself (Wagner et al., 2018). Thus, TIM-4 mainly expressed by MFs in the regions of T cell priming and B cell selection belongs to the family of apoptotic cell receptors and is known to be involved in the regulation of the adaptive immune response and prevention of autoimmunity through removal of both B and T cells (Albacker et al., 2010, 2013; Rodriguez-Manzanet et al., 2010). Therefore, TIM-4+ MFs could protect PPs from an exaggerated inflammatory reaction by regulating both T and B cell numbers.

As mentioned above, TIM-4− LysoMac as well as LysoDC are close to the FAE, and they play key role in the uptake of particulate antigens and pathogenic bacteria (Lelouard et al., 2010, 2012; Disson et al., 2018). The mechanisms by which LysoDC and TIM-4− LysoMac sample luminal antigens are different from either SI or colonic LPM. Indeed, phagocytosis of antigens by LysoDC and TIM-4− LysoMac either follows M cell transcytosis or occurs through LysoDC dendrite extension into the lumen through M cell-specific transcellular pores (Lelouard et al., 2012; Bonnardel et al., 2015). Therefore, M cells tightly control both mechanisms. Accordingly, absence of M cells is associated with a strong downregulation of antigen uptake in PPs and of IgA production in villi (Rios et al., 2016). Unlike villus paracellular transepithelial dendrites, these LysoDC trans-M cell dendrites do not depend on CX3CR1 expression (Bonnardel et al., 2015). LysoDC and TIM-4− LysoMac also influence FAE properties to favor contact with exogenous antigens. Thus, they express Il22ra2, which encodes IL-22BP, an inhibitor of Il-22 (Da Silva et al., 2017). IL-22BP promotes microbial sampling by influencing the FAE transcriptional program, notably by inhibiting genes encoding antimicrobial proteins and also genes involved in surface glycosylation and mucus production (Jinnohara et al., 2017). PP MFs are also likely involved in M cell differentiation as long-term blockade of CSF1R, which is known to deplete MFs, impairs M cell differentiation (Sehgal et al., 2018). Finally, together with other immune cells, they could be involved in M cell maturation via the expression of the S100 family member S100a4 (Kunimura et al., 2019).

More globally, in relation to the fact that PPs are a permissive entry site for a large number of pathogens, PP MFs display a strong antiviral and antibacterial transcriptional program (Bonnardel et al., 2015). Moreover, PP MFs lack the typical anti-inflammatory properties of other intestinal MFs (Wagner et al., 2018). Thus, they do not produce IL-10 or express its receptor but instead secrete TNF and IL-6 upon stimulation (Bonnardel et al., 2015; Wagner et al., 2018). Therefore, unlike most intestinal MFs, they retain a strong ability to promote inflammation.



CONCLUSIONS AND PERSPECTIVES

There has been incredible progress in recent years in the appreciation of intestinal MF heterogeneity (Table 2). This obviously raises great hope for targeted therapies that would render possible to alter a defective population without disturbing the others or to promote one population over the others and thus restore homeostasis. However, much more work is needed to understand the signaling between MFs and their direct neighbors and how this can be used to remodel MF properties. As suggested by Guilliams et al. (2020), manipulation of the neighboring cells that imprint the MF with its functional properties instead of the MF itself could represent alternative and interesting strategies for deciphering the mechanisms that dictate the fate of intestinal MFs on the one hand and modifying key instructing factors according to pathologies on the other hand. Nutritional- and microbial-based intervention strategies to modulate intestinal MF properties have also become a promising therapeutic approach to treat and prevent intestinal diseases. A great challenge for all these approaches will be to deal with the complexity of the structure and diversity of potentially simultaneous signals (food, microbiota, pathogen, stromal, and immune cell-derived factors) that make the intestine such a special and diversified organ.
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The catalog of the Drosophila immune cells was until recently limited to three major cell types, based on morphology, function and few molecular markers. Three recent single cell studies highlight the presence of several subgroups, revealing a large diversity in the molecular signature of the larval immune cells. Since these studies rely on somewhat different experimental and analytical approaches, we here compare the datasets and identify eight common, robust subgroups associated to distinct functions such as proliferation, immune response, phagocytosis or secretion. Similar comparative analyses with datasets from different stages and tissues disclose the presence of larval immune cells resembling embryonic hemocyte progenitors and the expression of specific properties in larval immune cells associated with peripheral tissues.

Keywords: macrophage, single cell RNA seq, drosophila, lamellocyte, innate immunity


INTRODUCTION

Immune cells are able to move and connect distant tissues and organs. This feature likely accounts for their pleiotropic role as sensors and regulators of the internal state in homeostatic, challenged and pathological conditions. While pleiotropy seems to arise from immune cell heterogeneity, the cause and nature of cell diversity is still poorly understood. How much does it depend on intrinsic differences dictated by cell autonomous cues vs. environmental conditions met by these cells during their life? To address the longstanding question on the impact of nature vs. nurture, of cell identity vs. cell state, we first need to characterize the different subtypes in depth.

Beside a lower complexity of the immune cell lineages, Drosophila shares with vertebrates several factors controlling the differentiation of the myeloid lineage [e.g., GATA and Runx proteins (Wood and Jacinto, 2007)], immune cell migration [e.g., integrins and Rho GTPases (Paladi and Tepass, 2004; Siekhaus et al., 2010; Comber et al., 2013)], phagocytosis [e.g., the CED-1 family member Draper and the CD36-related receptor Croquemort (Franc et al., 1996; Manaka et al., 2004)] and immune response [i.e., JAK/STAT, IMD, and Toll pathways (Buchon et al., 2014)]. Hence, it represents a simple yet evolutionary conserved model to address the origin of the immune cell diversity.

The immune cells of Drosophila, the hemocytes, have been classically subdivided in three types: the plasmatocytes, the crystal cells and the lamellocytes, which are thought to derive from the same lineage, similar to the myeloid cells in mammals (Banerjee et al., 2019). The plasmatocytes are macrophage-like cells that phagocytose pathogens as well as cell debris and constitute ∼95% of the hemocytes. The remaining hemocytes are the crystal cells, platelet-like cells in charge of melanization, a process that is necessary for wound closure and immune response to pathogens. The third type of immune cells, the lamellocytes, appears only after immune/inflammatory challenge from progenitors or by plasmatocyte transdifferentiation (Banerjee et al., 2019).

Until recently, the hemocytes were identified using distinctive morphological features and a handful of molecular markers. The plasmatocytes are small cells of ∼10 μm of diameter. They can be round or present cytoplasmic projections [i.e., podocytes (Rizki and Rizki, 1980)]. They express several markers such as the transmembrane receptors Nimrod C1 (NimC1), Eater, Hemese (He) and Croquemort (Crq), the fascin Singed (Sn) and the secreted proteins Hemolectin (Hml), Peroxidasin (Pxn), and Collagen type IV alpha 1 (Col4a1) (Nelson et al., 1994; Franc et al., 1996; Goto et al., 2001; Kurucz et al., 2003; Kocks et al., 2005; Zanet et al., 2009). The crystal cells have the same size than the plasmatocytes and are characterized by the presence of crystals. They express the transcription factors Lozenge (Lz) and Pebbled (Peb) as well as Prophenoloxidases 1 and 2 (PPO1 and PPO2) (Rizki and Rizki, 1959; Binggeli et al., 2014). PPO2 is a major constituent of the crystals, which are released upon wounding to initiate the melanization reaction (Binggeli et al., 2014). The lamellocytes are large melanized cells (>60 μm of diameter) with heterogeneous shapes. They are strongly labeled with the actin filament probe called phalloidin and express the Prophenoloxidase 3 (PPO3), the kinase Misshapen (Msn), the integrins Myospheroid (Mys, Integrin beta or L4), and Integrin alphaPS4 subunit (ItgaPS4 or L5), the actin binding protein Cheerio (Cher, L5), and the glycosylphosphatidylinositol (GPI)-anchored protein Atilla (L1) (Braun et al., 1997; Irving et al., 2005; Rus et al., 2006; Honti et al., 2009).

The development of single cell RNA sequencing (scRNAseq) techniques has made it possible to significantly enlarge the panel of the Drosophila immune cells based on their transcriptional profile. ScRNAseq consists of sequencing the transcriptome of single cells in a high throughput fashion. The cells are then grouped according to their expression profiles (reviewed in Potter, 2018; See et al., 2018). Three scRNAseq studies recently revealed the diversity of the hemocytes present in the Drosophila larva (Cattenoz et al., 2020; Fu et al., 2020; Tattikota et al., 2020). We perform here a comparative study to refine immune cell diversity, origin and localization within the organism. Our comparison defines subgroups robustly found in the three datasets from steady state larval hemocytes, despite the different experimental and analytical approaches. The common subgroups reflect the differentiation state, intermediary vs. mature hemocytes, as well as their main functions (phagocytosis, immune response/antimicrobial peptide (AMP) production, secretion and proliferation). Finally, we analyze the hemocytes present in available single cell datasets from larval eye discs and brains as well as from stage 6 embryos in order to link specific subgroups to distinct environments/developmental trajectories.



MATERIALS AND METHODS


Comparison of scRNAseq Data on Wandering 3rd Instar Larval Hemocytes

The list of markers for each subgroup were retrieved from the publications [Dataset_EV2 in Cattenoz et al. (2020) and Supplementary File 2 in Tattikota et al. (2020)]. The two lists were generated with the same tool [function “FindMarkers” in Seurat R toolkit (Butler et al., 2018; Stuart et al., 2019)] and provide comparable parameters including the enrichment levels for all the subgroup markers. The two tables were compiled in R and plotted using the package ggplot2 (Villanueva and Chen, 2019). The markers described in Fu et al. (2020) dataset were retrieved from the figure of the manuscript. Of note, the PM12 cells in Tattikota et al. (2020) appear exclusively in wounding condition, an experimental set up that was not assessed by the two other studies. To keep the comparison as homogenous as possible, the markers of the subgroup PM12 were excluded from our analysis.

The dot plots were generated using the function “DotPlot” in the Seurat R toolkit (Butler et al., 2018; Stuart et al., 2019) with the non-infested data from Cattenoz et al. deposited in the ArrayExpress database at EMBL-EBI1 under the accession number E-MTAB-8698. The list of markers for the CAH7 PM, the Lsp PM, the Ppn PM, the thanacytes, and the primocytes were retrieved from the figures in Fu et al. (2020). The top PSC markers were retrieved from the lymph gland scRNAseq data from Cho et al. (2020; Supplementary Table S2): the markers presenting the highest enrichment in the PSC were selected.



Comparison of the WL Hemocyte scRNAseq Data With Stage 6 Embryo, Larval Eye Disc and Larval Brain scRNAseq Data

The normalized expression matrix of the stage 6 embryos (Karaiskos et al., 2017) was downloaded from https://shiny.mdc-berlin.de/DVEX/ and analyzed with the standard workflow from Seurat toolkit2 (Butler et al., 2018; Stuart et al., 2019). Briefly, first the data were normalized (function NormalizeData), the variable genes were identified (function FindVariableFeatures, selection method “vst,” number of feature = 2,000), the data were scaled (function ScaleData, features = all.genes), linear dimensional reduction was carried out on the variable genes (function RunPCA), the dimensionality of the dataset was determined and set to 15 (function ElbowPlot), the cells were then clustered (functions FindNeighbors, dims = 1:15 and FindClusters, resolution = 1.2), at last non-linear dimensional reductions were carried out (functions RunUMAP and RunTSNE). This pipeline generated a single subgroup enriched for all the markers of the hemocyte subgroup described in Karaiskos et al. (2017): i.e., Gcm, Ham, Ttk, CrebA, Shep, RhoL, Fok, Knrl, Kni, Zfh1, CG33099, Srp, Btd, and NetB. This subgroup was used for the downstream analyses.

The normalized expression matrix of the wild type larval eye disc (Ariss et al., 2018) was downloaded from https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7195/downloads and analyzed following the same pipeline than stage 6 embryos described above with modification: the dimensionality was set to 17 and the cells were clustered with a resolution of 0.5. The hemocyte subgroup was unambiguously identified using the hemocyte markers Srp, Hml, Pxn, NimC1, Crq, and Sn and used for the downstream analyses.

The expression matrices of the normal 1st instar larval brains (Brunet Avalos et al., 2019) were downloaded from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134722. The expression matrices GSM3964166, GSM3964167, GSM3964168, and GSM4132287 were merged and integrated following Seurat standard pipeline (Butler et al., 2018; Stuart et al., 2019): each matrix was normalized (function NormalizeData), the variable features and the common anchors were identified (function FindVariableFeatures, method “vst,” function FindIntegrationAnchors, dimension 1:50) and the matrices were integrated (function IntegrateData, dimension: 1:50). The integrated matrix was analyzed following the same pipeline as described above for the stage 6 embryos with the following parameters: the dimensionality was set to 50 and the cells were clustered with a resolution of 0.4. The hemocyte subgroup was unambiguously identified using the hemocyte markers Srp, Hml, Pxn, NimC1, and He and used for the downstream analyses.

The expression matrices of the brains from 2nd instar larvae [24 h after larval hatching (h ALH)], feeding 3rd instar larvae (48 h ALH) and wandering 3rd instar larvae (96 h ALH) (Cocanougher et al., 2019) were downloaded from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135810. The following matrices were used: GSM4030602, GSM4030604, and GSM4030607 for the 2nd instar larvae, GSM4030600 and GSM4030606 for the feeding 3rd instar larvae and GSM4030623, GSM4030624, GSM4030625, and GSM4030626 for the wandering 3rd instar larvae. The matrices were integrated for each stage and analyzed as described for the 1st instar larval brain described above with the following parameters: the dimensionality was set to 30 and the cells were clustered with a resolution of 0.4 for the 2nd instar larvae and 2.4 for the feeding and wandering 3rd instar larvae. The hemocyte subgroups were unambiguously identified using the hemocyte markers Srp, Hml, Pxn, NimC1, He, and Nplp2 (described by the authors) and used for the downstream analyses.

Pearson correlation were computed as follow. Pseudo-transcriptomes were generated for the hemocyte subgroups from the stage 6 embryos data (Karaiskos et al., 2017), from the eye disc data (Ariss et al., 2018), for the brain data (Brunet Avalos et al., 2019) as well as for each subgroup of the non-infested dataset from Cattenoz et al. (2020) using the function “AverageExpression” from the Seurat R toolkit (Butler et al., 2018; Stuart et al., 2019). The correlation between the pseudo-transcriptomes were then measured using the Pearson correlation coefficient. The pseudo-transcriptomes of the hemocyte subgroups from Cattenoz et al. were compared to the pseudo-transcriptome of stage 6 embryos’ hemocytes in Supplementary Figure S3G, to the pseudo-transcriptome of the eye disc associated hemocytes in Supplementary Figure S3C and to the pseudo-transcriptome of the brain associated hemocytes in Supplementary Figure S3E.

The dot plot (Figure 4D) was generated using the function “DotPlot” from the Seurat R toolkit with the non-infested data from Cattenoz et al. (2020) and the expression matrices from stage 6 embryos and larval eye discs (Karaiskos et al., 2017; Ariss et al., 2018). The dot plot was compiled in Adobe Illustrator CS6.



Regulon Analysis

To identify the regulons enriched in the lamellocytes, we ran Single-Cell regulatory Network Inference and Clustering (SCENIC) (Aibar et al., 2017) through its Python implementation pySCENIC, version 0.9.193. The source code was downloaded from the GitHub repository https://github.com/aertslab/pySCENIC.git. The Supplementary Files necessary to run SCENIC were obtained from https://resources-mirror.aertslab.org/cistarget/. The analysis was carried out on the wasp infested expression matrix from Cattenoz et al. deposited in the ArrayExpress database at EMBL-EBI4 under the accession number E-MTAB-8698.

The motifs version 8,5 the regulatory elements within 5 kb upstream the TSS and the transcript introns6 were used for the analysis. The most significant regulons showing differential activity among clusters were determined with Mann-Whitney U-test (Mann and Whitney, 1947), between the AUC scores given by SCENIC in a specific cluster versus all the rest of the clusters. The regulons displaying a z-score above 2 or below −2 for the lamellocytes subgroups were selected to build the heatmap shown in Figure 3A. The heatmap was generated with the R package “pheatmap” (Kolde, 2019).

The scatter plot (Figure 3B) was generated with the pseudo-transcriptomes of LM1 and LM2 subgroups from the wasp infested dataset in Cattenoz et al. (2020). The pseudo-transcriptomes were estimated with the function “AverageExpression” from the Seurat R toolkit (Butler et al., 2018; Stuart et al., 2019).



Fly Strains and Genetics

All flies were raised on standard media at 25°C. The following strains were used: Oregon-R, srp(hemo)-3xmcherry [srp(hemo) > RFP, gift from D. Siekhaus (Gyoergy et al., 2018)], BAC-gcm-Flag (Laneve et al., 2013).



Immunolabelling and Image Acquisition

For hemocyte labeling, 10 wandering 3rd instar larvae were bled in Schneider medium complemented with 10% Fetal Calf Serum (FCS), 0.5% penicillin, 0.5% streptomycin (PS), and few crystals of N-phenylthiourea ≥98% (PTU). The cells were cytospinned on a glass slide at 700 rpm for 3 min at room temperature (RT), then the samples were fixed for 10 min in 4% paraformaldehyde/PBS at RT and rinsed with PTX (PBS 1x, 0.5% triton X-100).

For the embryos, overnight collections were washed on a 100 μm mesh and dechorionated in bleach for 5 min. The fixation was carried out for 25 min at RT under agitation in a solution of 4% paraformaldehyde in PBS 1x/heptane (1/1 vol.). The vitelline membrane of the embryos was then removed by replacing the PFA solution by methanol and strong agitation for 30 s. The methanol/heptane solution was removed and the embryos were washed with PTX for 15 min at RT.

For the lymph gland and filet preparation, wandering 3rd instar larvae were dissected in cold PBS 1x, then transferred in 4% paraformaldehyde in PBS 1x for at least 30 min at RT and rinsed in PTX for 15 min.

Following the PFA fixation and PTX wash, the samples were incubated with blocking reagent (Roche) for 1 h at RT, incubated overnight at 4°C with primary antibodies diluted in blocking reagent, washed three times for 10 min with PTX, incubated for 1 h with secondary antibodies, washed twice for 10 min with PTX, incubated for 30 min with DAPI and phalloidin TRITC (1:1,000, Sigma #P1951), and then mounted in Aqua-Poly/Mount (Polysciences, Inc.). The following primary antibodies were used: rabbit anti-Srp [1:500, (Bazzi et al., 2018)], rabbit anti-Flag (1:100, Sigma S3165), chicken anti-GFP (1:500, abcam ab13970), rat anti-RFP (1:500, Chromotek 5F8-100), rabbit anti-Pxn [1:5,000; gift from J. Shim, (Yoon et al., 2017)], mouse anti-Hemese [1:50 gifts from I. Ando, (Kurucz et al., 2003)].

The following secondary antibodies were used at 1:500: FITC donkey anti-chicken IgG (Jackson ImmunoResearch Labs Cat# 703-095-155), FITC goat anti-mouse IgG (Jackson ImmunoResearch Labs Cat# 115-095-166), Cy3 donkey anti-mouse IgG (Jackson ImmunoResearch Labs Cat# 715-165-151), Cy3 goat anti-rat IgG (Jackson ImmunoResearch Labs Cat# 112-165-167), Cy3 donkey anti-rabbit IgG (Jackson ImmunoResearch Labs Cat# 711-165-152), Cy5 goat anti-mouse IgG (Jackson ImmunoResearch Labs Cat# 115-175-003) and Cy5 goat anti-rat IgG (Jackson ImmunoResearch Labs Cat# 112-175-167), Cy5 goat anti-rabbit IgG (Jackson ImmunoResearch Labs Cat# 111-175-144), Alexa Fluor 647 goat anti-mouse IgG (Jackson ImmunoResearch Labs Cat# 115-605-166).

The slides were analyzed by confocal microscopy (Leica Spinning Disk and Leica SP8) with 20x, 40x, and 63x objectives, using hybrid detectors in photon counting mode. DAPI was excited at 350 nm, the emission filters 410–510 were used to collect the signal; FITC was excited at 488 nm, the emission filters 498–551 were used to collect the signal; Cy3 was excited at 568 nm, emission filters 648–701 were used to collect the signal, and Cy5 was excited at 633 nm; emission signal was collected at 729–800 nm. The images were analyzed with Fiji (Schindelin et al., 2012).



RESULTS


Characterization of the Drosophila Larval Hemocytes by scRNAseq

The first hematopoietic wave occurs at early embryonic stages 6–9, in the procephalic mesoderm (PM). The progenitors undergo several rounds of division, differentiate into plasmatocytes and crystal cells and migrate along stereotyped routes to spread throughout the organism (PM hemocytes) (Tepass et al., 1994; Gold and Bruckner, 2014). The second hematopoietic wave occurs in the lymph gland (LG) of the larva to generate cells that are only released in the hemolymph after puparium formation, upon lymph gland histolysis (LG hemocytes) (Jung et al., 2005; reviewed by Banerjee et al., 2019). The larval infestation from parasitoid wasps such as Leptopilina boulardi as well as wounding triggers precocious lymph gland histolysis. These challenges also lead to the differentiation of lamellocytes that encapsulate the wasp eggs or participate to the wound closure (Figure 1A) and the same cell type is found upon the activation of pro-inflammatory pathways (Lemaitre et al., 1995; Luo et al., 1995; Markus et al., 2005; Fleury et al., 2009; Kim-Jo et al., 2019).
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FIGURE 1. Experimental procedures used to generate the scRNAseq datasets on larval hemocytes. (A) Overview of the two hematopoietic waves during Drosophila development. The first wave starts in the procephalic mesoderm (PM) of the early embryo. By the end of embryogenesis, the PM hemocytes spread across the whole embryo and constitute the whole population of hemocytes present in the hemolymph of the larva. By the 2nd larval instar, the majority of the PM hemocytes become resident between the muscle and the cuticle to form the sessile pockets. After pupariation, the hemocytes are mobilized in the hemolymph. The second wave occurs in the lymph gland (LG) during the larval stages, the LG hemocytes being released in circulation after pupariation. When the wasp infests the larva (2nd instar), it induces a strong immune response, which includes precocious lymph gland histolysis and the release of the LG hemocytes in 3rd instar larvae. The response also includes the mobilization of the resident hemocytes and the differentiation of lamellocytes to encapsulate the wasp egg. The lamellocytes spontaneously aggregate and form melanized masses called melanotic tumors. The developmental stages and their duration at 25°C are indicated in gray in hours After Egg Laying (hAEL). (B) Experimental parameters of the three single cell sequencing analyses of PM hemocytes.


The larval PM hemocytes were recently analyzed in three scRNAseq studies (Cattenoz et al., 2020; Fu et al., 2020; Tattikota et al., 2020), following different experimental parameters (Figure 1B). Tattikota et al. analyzed hemocytes from feeding 3rd instar larvae and wandering 3rd instar larvae (WL) in steady state conditions or after inducing an immune reaction (clean wounding, or wasp infestation). Three sequencing technologies were used and the animals were of two genotypes. The merge of these datasets identified twelve subgroups of plasmatocytes, two of crystal cells and two of lamellocytes (Tattikota et al., 2020). Fu et al. analyzed hemocytes from WL of one genotype in steady state conditions using 10x Genomics technology. They identified four subgroups of plasmatocytes, one of crystal cells, one of lamellocytes and two minor cell populations called primocytes and thanacytes (Fu et al., 2020). Cattenoz et al. analyzed hemocytes from female WL of one genotype, in steady state conditions and after wasp infestations, using 10x Genomics technology. They identified thirteen subgroups of plasmatocytes, one of crystal cells and two of lamellocytes, the latter ones being specifically found in the dataset from the challenged condition (Cattenoz et al., 2020). In the three datasets, the definition of the subgroups was followed by lineage prediction analyses to identify distinct developmental trajectories amongst the hemocyte subgroups. The trajectories are defined by organizing the cells along a pseudo-time axis based on the progression of the expression of the variable genes (Kester and van Oudenaarden, 2018).

The systematic comparison of the lists of markers from the three studies allows the identification of common subgroups (Figure 2A). The markers are defined by their levels of enrichment in a specific subgroup compared to the whole hemocyte population [Log2(enrichment) >0.25, adjusted p < 0.01 in Cattenoz et al. (2020) and Tattikota et al. (2020)]. The correlation between the subgroups of each dataset is inferred from the cross-comparison of all plasmatocyte markers found in the three studies (Figure 2A). The number of markers as well as their level of enrichments are taken into consideration (Supplementary Figures S1A,B, S2A,C–E). An additional level of comparison among the datasets is the developmental trajectory. If our comparison based on markers is accurate, the developmental trajectories between the distinct subgroups should be preserved across the three studies, and we find that this is the case. Thus, the subgroups presenting the highest number of common markers, the highest levels of markers’ enrichment and similar developmental trajectories likely define equivalent subgroup (Figures 2B,C).
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FIGURE 2. Defining a consensual repertoire of the hemocyte subgroups. (A) Number of common markers between the plasmatocyte subgroups identified in Cattenoz et al. (2020) (rows) and in Tattikota et al. (2020) (column). The number of markers is highlighted by the color gradient (from 0 in blue to >20 in red). (B) Concordance amongst the hemocyte subgroups across the three datasets. (C) Outline of the lineage predictions among the hemocyte subgroups, based on the prediction analyses in Cattenoz et al. (2020) and Tattikota et al. (2020) and on the present comparative analysis. The proliferative plasmatocytes are at the origin of most hemocytes, they give rise to a large pool of unspecified plasmatocytes that further differentiate to acquire specific properties such as phagocytosis, secretion or antimicrobial peptide production. Subsets of unspecified plasmatocytes and antimicrobial plasmatocytes transdifferentiate to produce crystal cells or lamellocytes. (D) Scatter plot representing the enrichment levels of the crystal cell markers common to the subgroups CC2 (y-axis) from Tattikota et al. (2020) and CC (x-axis) from Cattenoz et al. (2020). The Log2 fold change (Log2FC) of the enrichment is represented. The markers with the strongest enrichment are indicated on the graph, those also identified in Fu et al. (2020) are highlighted in red. (E) Scatter plot representing the enrichment of the lamellocyte markers in the indicated subgroups. The representation is as in panel (D).
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FIGURE 3. Characterization of the regulatory network controlling lamellocyte differentiation. (A) Heatmap representing the z-score for the regulons enriched or underrepresented in the lamellocyte subgroups (z-score >2 or < -2) determined with SCENIC. The dendrogram on the left side of the panel indicates the correlation between the regulons across the dataset. The z-score is indicated with a gradient from black (z-score < 0, underrepresented regulons) to red and then yellow (z-score > 0, overrepresented regulons). (B) Scatter plot comparing the pseudo-transcriptomes of mature lamellocytes (y-axis) and transient intermediary lamellocytes (x-axis). The pseudo-transcriptomes were generated from the dataset obtained upon wasp infestation (Cattenoz et al., 2020). The genes belonging to the regulons Jra and Kay are indicated in red, the trendline of all genes expressions is in black, the axes are in Log10 scale.
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FIGURE 4. The molecular signatures of the hemocytes from larval eye discs, larval brains and stage 6 embryos. (A) Eye disc from 3rd instar larva. The immunolabelling assay used anti-He (in red), anti-Pxn (in white) and the nuclei were labeled with DAPI (blue). The left panel shows the full stack, the eye disc (ED) and the antenna disc (AD) are indicated with a white dashed line, the next panels show a single section with all the channels, He labeling only and Pxn labeling only, respectively. Pxn labeling is present at the basement membrane (BM). The rightmost panel shows an orthogonal projection along the z-y axes from the position indicated by the black arrowhead. The scale bar represents 100 μm. (B) Central Nervous System from 1st instar larva carrying the srp(hemo) > RFP transgene, which allows for hemocyte detection (Gyoergy et al., 2018). The immunolabelling assay used three hemocyte markers [anti-RFP (in red), anti-He (in green), anti-Pxn (in gray)], and the nuclei were labeled with DAPI (blue). The left panel shows the full stack, the right panels (partial stacks) show the inset at high magnification (merged and individual channels). The scale bars represent 100 μm in the full stack and 10 μm in the inset. The hemocyte lays on the surface of the nervous system. (C) Stage 6 embryo srp(hemo) > RFP; BAC-gcm-Flag. The BAC was used to reveal the Gcm protein (Laneve et al., 2013). The immunolabelling assay used anti-RFP (in red), anti-Flag (in green), anti-Srp (in gray), and the nuclei were labeled with DAPI (blue). The left panel shows the full stack, the right panels show a single section of the inset at high magnification (merged and individual channels). The scale bars represent 100 μm in the stack and 20 μm in the inset. (D) Dot plot representing the expression levels and percentage of cells expressing the top markers of each subgroup identified by Cattenoz et al. (2020). The violet dots represent the expression in Cattenoz et al. (2020) subgroups, the red dots, expression in the hemocytes from stage 6 embryos (E6 embryos), the green dots in the hemocytes from larval eye discs, the purple and orange dots in the hemocytes from larval brains at the indicated stages (f 3rd instar: feeding 3rd instar larvae; w 3rd instar: wandering 3rd instar larvae). The arrowheads (red, green, purple) indicate the strongest markers linking the tissue-specific hemocytes with the subgroups from Cattenoz et al. (2020).


For example, PM9 in Tattikota et al. dataset shares a significant number of markers with PL-0, PL-3, PL-vir1, PL-prolif, PL-Inos, and PL-robo2 in Cattenoz et al. dataset (Figure 2A). The subgroup presenting the highest number of markers with the highest enrichments is PL-prolif (Supplementary Figure S1A). The second closest subgroup is PL-robo2, which also displays markers with relatively high enrichments. However, PL-robo2/PM9 markers are expressed in most hemocyte subgroups while PL-prolif/PM9 markers are highly specific (Supplementary Figure S1B). At last, lineage predictions carried out in both studies suggest that PM9 and PL-prolif are sitting at the beginning of the developmental trajectories of the hemocytes (Cattenoz et al., 2020; Tattikota et al., 2020). Altogether, these data suggest that PM9 and PL-prolif represent the same subgroup.

The marker comparison shows a large correlation across studies for crystal cells and lamellocytes: 53 crystal cell markers and 265 lamellocyte markers are commonly found by Tattikota et al. and Cattenoz et al. (Figures 2D,E). All the markers previously used to label the crystal cells and the lamellocytes are present in the two datasets. Such tight correlation is expected for subgroups that present strong physiological differences compared to the plasmatocytes. Fu et al. disclosed a limited list of markers for crystal cells and lamellocytes; all of them are nevertheless present in the crystal cell and lamellocyte subgroups identified in two other datasets, further confirming the identity of these subgroups. The three studies consistently found a large subgroup of “unspecified plasmatocytes” presenting no distinctive marker and encompassing more than 50% of plasmatocytes (PM1 in Tattikota et al.; PL-0, 1, 2, and 3 in Cattenoz et al.; reservoir PM in Fu et al.), as well as several smaller subgroups enriched for specific markers: the proliferative, the antimicrobial, the posterior signaling center-like, the phagocytic and the secretory plasmatocytes (Figure 2B).



Proliferative Plasmatocytes

The markers involved in mitosis, including Cyclin B (CycB) (Gavet and Pines, 2010), the phosphatase String (Stg) (Edgar and O’Farrell, 1990), the importin Pendulin (Pen) (Kussel and Frasch, 1995) and the kinase Polo (Sunkel and Glover, 1988) are enriched in clusters PM2 as well as PM9 in Tattikota et al., and in the PL-prolif cluster in Cattenoz et al. (Supplementary Figures S2A,B). These proliferative subgroups are positioned at the beginning of the developmental trajectories and give rise to the pool of unspecified plasmatocytes. The PL-prolif subgroup represents a hemocyte subset of the PL-Inos subgroup, which lacks the proliferative genes but expresses all the other markers of PL-prolif (Cattenoz et al., 2020), suggesting that PL-prolif and PL-Inos represent two states (dividing/quiescent) of the same subgroup.



Antimicrobial Plasmatocytes

Two datasets contain subgroups of plasmatocytes enriched in transcripts involved in immune pathways: PL-AMP, PL-Rel and PL-vir1 in Cattenoz et al.; PM3, PM5, PM6, and PM7 in Tattikota et al. The comparison of the markers indicates a correlation between PL-Rel/PL-AMP and PM3/PM6/PM7 as well as between PL-vir1 and PM3/PM5 (Supplementary Figures S2C,D).

PM6/7 and PL-AMP are highly enriched for AMP expression [i.e., Cecropins A1, A2, and C (CecA1, CecA2, CecC), Diptericin B (DptB), Drosomycin (Drs), Metchnikowin (Mtk), Mtk-like (Mtkl)]. Of note, the AMPs Mtk, DptB, and Drs are enriched at higher levels in the dataset from Tattikota et al. than in the one from Cattenoz et al. This is likely due to the induction of these AMPs by clean wounding, a condition specific to the dataset from Tattikota et al. All these subgroups also express high levels of Matrix metalloproteinase 1 (Mmp1), involved in wound healing (Stevens and Page-McCaw, 2012). PM3 and PL-Rel express elements of the IMD and JNK pathways and lower levels of AMP, which suggests weaker or different mode of activation of the immune response. This may reflect different microenvironments and/or different intrinsic properties compared to PM6/7 and PL-AMP.

PM5 and PL-vir1 present common expression profiles, distinctive from the other subgroups. They are not enriched in AMPs (Supplementary Figure S2D) and seem specialized in xenobiotic detoxification, as suggested by the expression of the Ferritin 1 heavy chain homolog, the Ferritin 2 light chain homolog and the Multidrug resistance protein (Chahine and O’Donnell, 2009; Tang and Zhou, 2013).



Posterior Signaling Center-Like Plasmatocytes

The comparison of the markers consistently identifies a subgroup of cells representing less than 1% of the hemocyte population across the three studies: PL-ImpL2 (Cattenoz et al., 2020), PM11 (Tattikota et al., 2020), and the primocytes (Fu et al., 2020) (Supplementary Figures S2E,F). This subgroup expresses typical markers of the posterior signaling center (PSC) present in the lymph gland, such as the transcription factors Knot (Kn) (Makki et al., 2010) and Antennapedia (Antp) (Mandal et al., 2007). The comparison of the markers of this subgroup with the PSC markers identified by the scRNAseq assay on the lymph gland (Cho et al., 2020) also identifies this subgroup as PSC-like plasmatocytes (Supplementary Figure S2G).



Phagocytic Plasmatocytes and Secretory Plasmatocytes

The datasets from Fu et al. and from Cattenoz et al. identified phagocytic plasmatocytes, plasmatocytes secreting storage proteins and plasmatocytes secreting opsonins.

Phagocytic plasmatocytes: CAH7 + PM (Fu et al.) and PL-robo2 (Cattenoz et al.) are enriched for the phagocytic receptor NimC2 (Kurucz et al., 2007), the cytoskeleton proteins Myoblast city (Erickson et al., 1997), the Tenascin accessory (Mosca et al., 2012), the transmembrane receptor Lipophorin receptor 2 (LpR2) and Mmp2 (Supplementary Figure S2H). Lineage predictions call for PL-robo2/CAH7 + PM being directly issued from the unspecified plasmatocytes and since the strongest markers for PL-robo2 are also enriched to a lower extent in a subset of unspecified plasmatocytes (PL-0/PL-2), PL-robo2 may specifically represent the phagocytic, active state, of this subset.

Secretory plasmatocytes: Lsp + PM (Fu et al.) and PL-Lsp (Cattenoz et al.) display a highly distinctive expression pattern of proteins secreted in the hemolymph such as Larval serum protein 1 alpha (Lsp1alpha), Larval serum protein 2 (Lsp2), Apolipophorin (Apolpp), and Odorant binding protein 99b (Obp99b) (Supplementary Figure S2I). All these proteins are mostly expressed by the fat body (Chintapalli et al., 2007) and serve as storage proteins (Telfer and Kunkel, 1991; Handke et al., 2013), suggesting common functions between the fat body and these secretory plasmatocytes.

At last, the thanacytes (Fu et al.) and PL-Pcd (Cattenoz et al.) express low levels of NimC1 and secrete the opsonins Thioester-containing protein 2 and 4 (Tep2 and Tep4) that promote the phagocytosis of bacteria and the activation of the Toll pathway (Dostalova et al., 2017; Supplementary Figure S2J). The thanacyte markers are consistently enriched in both PL-AMP and PL-Pcd, yet differ from PL-AMP by the lack of AMP production (Supplementary Figure S2J). Thus, PL-AMP may represent an activated state of PL-Pcd/thanacyte, in which the inflammatory pathways are triggered and antimicrobial peptides are secreted.

These three subgroups were not identified in Tattikota et al. dataset. Their markers are detected in some cells but these cells are not clustered together and are associated with the pool of unspecified plasmatocytes, with whom they share the majority of the markers.



Lamellocytes

The datasets from Tattikota et al. and Cattenoz et al. include conditions promoting the differentiation of the lamellocytes and identify two subgroups. One of them expresses both plasmatocyte and lamellocyte markers and likely corresponds to plasmatocytes that are transdifferentiating into lamellocytes (LM1 in Tattikota et al., LM-2 in Cattenoz et al.). The second subgroup lacks most of the plasmatocyte markers and expresses the lamellocyte markers strongly (LM2 in Tattikota et al., LM-1 in Cattenoz et al.). For the sake of simplicity, we will call the first and the second subgroups intermediary and mature lamellocytes, respectively.

To identify the molecular pathways activated during lamellocyte differentiation, we carried out a regulon analysis using SCENIC (Aibar et al., 2017) on the dataset from wasp infested larvae generated by Cattenoz et al. (2020). This analysis relies on two steps. First, the genes presenting covariation are identified across the whole single cell dataset. Then, the promoters of the covariating genes are scanned for canonical transcription factor binding sites. The genes presenting similar expression profiles and carrying the same transcription factor binding site(s) are grouped in one regulon named after the transcription factor. This analysis highlights two regulons, Kayak (Kay) and Jun-related antigen (Jra), which regroup the targets of the two main transcription factors of the JNK pathway (reviewed in La Marca and Richardson, 2020; Figure 3A), known to promote the differentiation of lamellocytes (Tokusumi et al., 2009). We have pulled together the transcriptomes of all cells from the intermediary and mature lamellocytes from Cattenoz et al. dataset to generate pseudo-transcriptomes. The comparison of the pseudo-transcriptomes shows that the genes regulated by the JNK pathways are expressed at higher levels in the mature lamellocytes than in the intermediary ones (Figure 3B). Strikingly, this analysis also reveals for the first time seven novel regulons associated with lamellocyte differentiation: Cyclic-AMP response element binding protein B (CrebB), Forkhead box sub-group O (Foxo), REPTOR-binding partner (REPTOR-BP), Pannier (Pnr), Maf-S, Zinc-finger protein (Zif), and Checkpoint suppressor 1-like (CHES-1-like). These regulons are highly enriched in lamellocytes and display an enhanced activation from the intermediary lamellocytes to the mature lamellocytes (Figure 3A).

The regulons CrebB, Foxo and REPTOR-BP are involved in the maintenance of energy metabolism upon food restriction or molecular stress (Dionne et al., 2006; Iijima et al., 2009; Tiebe et al., 2015). They may be responsible for the induction of specific glucose transporters and the metabolic shift from lipolytic to glycolytic observed during the transdifferentiation of plasmatocytes into lamellocyte (Cattenoz et al., 2020; Tattikota et al., 2020). These pathways may also maintain the high metabolic activity of lamellocytes, while the metabolism of other organs is inhibited to privilege the immune response over the developmental processes (Bajgar et al., 2015; Dolezal, 2015). Maf-S along with Foxo regulate oxidative stress resistance (Rahman et al., 2013; Gumeni et al., 2019) and CHES-1-like is involved in the DNA-damage response (Busygina et al., 2006). Both oxidative stress and DNA damage can be associated with the high metabolism of lamellocytes, a phenomenon usually observed in cancerous cells in mammals (Moretton and Loizou, 2020).



Hemocyte Populations in Other Single Cell Datasets

In mammals, macrophages are conditioned by their microenvironment, which leads to molecular signatures specific to the tissues in which they reside (van de Laar et al., 2016; Guilliams et al., 2020). To assess if specific hemocyte subgroups are associated to different tissues in Drosophila, we have screened tissue specific or embryonic scRNAseq datasets containing hemocytes (i.e., larval eye discs, larval brains, and stage 6 embryos) and compared their molecular signatures to the dataset of Cattenoz et al.


Hemocytes Associated With the Larval Eye Disc Resemble Unspecified Plasmatocytes

The scRNAseq analyses on larval eye discs (Ariss et al., 2018) reveal a small subgroup of cells in line with the hemocytes observed in close contact with this disc (Holz et al., 2003; Figure 4A and Supplementary Figures S3A,B). Since the eye disc associated hemocytes express a large panel of hemocyte markers, their pseudo-transcriptome was compared to the pseudo-transcriptome of each of the subgroups identified in Cattenoz et al. dataset using Pearson correlation coefficient. This analysis highlights a strong correlation between the eye disc associated hemocytes and unspecified plasmatocytes (PL-1/PL-3, Supplementary Figure S3C), which do not express strong markers. Moreover, the eye disc associated hemocytes do not express subgroup-exclusive markers, like Lsp1alpha in PL-Lsp or Kn and Tau in PL-ImpL2 (Figure 4D). Altogether, these evidence suggest that the eye disc associated hemocytes are unspecified plasmatocytes.

Next, to determine if the eye disc associated hemocytes represent a subgroup that was not defined in Cattenoz et al. dataset, we compared their pseudo-transcriptome to the combined pseudo-transcriptome of all subgroups from Cattenoz et al. (Supplementary Figure S4A). This comparison did not return a strong signature for the eye disc associated hemocytes (less than 10 genes specifically expressed in the eye disc hemocytes), which is concordant with the high correlations measured between almost all subgroups and the eye-associated hemocytes (Supplementary Figure S3C). Thus, at this level of resolution, the hemocytes in the eye disc cannot be distinguished from unspecified plasmatocytes.

One of the main characteristics of the unspecified plasmatocytes is the expression of Extra Cellular Matrix (ECM) components such as Pxn, which is necessary for the assembly of the basement membrane (Bhave et al., 2012). Pxn is indeed strongly expressed in the hemocytes associated to the eye disc and is detected at the basement membrane of the disc (Figure 4A). Similar analyses will reveal whether this feature is common to the hemocytes associated to the other imaginal tissues. Interestingly, larval hemocytes secrete ECM compounds to build the basement membrane of the ovaries and the fat body (Shahab et al., 2015; Van De Bor et al., 2015).



Hemocytes Associated With the Brain Resemble the Proliferative Plasmatocytes (PL-Inos, PL-Prolif)

Two scRNAseq datasets on the larval brain from 1st instar to 3rd instar larvae (Brunet Avalos et al., 2019; Cocanougher et al., 2019) report the presence of hemocytes (Supplementary Figure S3D), in line with the hemocytes observed in close contact with this tissue (Figure 4B). The comparison of the pseudo-transcriptomes of hemocytes from the 1st instar brain and of Cattenoz et al. subgroups highlights the highest correlation with the PL-prolif and PL-Inos subgroups (Supplementary Figure S3E). The correlation coefficients are much weaker than in the comparison with the eye disc associated hemocytes. In addition, the comparison of the pseudo-transcriptomes of brain associated hemocytes with the pseudo-transcriptome of all subgroups from Cattenoz et al. suggests a specific molecular signature for these hemocytes (Supplementary Figure S4B). PL-prolif markers are represented in the brain associated hemocytes, together with dozens of genes that are consistently expressed from 1st instar to 3rd instar larval brains (Figure 4D, Supplementary Table S1 and Supplementary Figure S4C). Altogether, these data suggest that the brain hemocytes represent a discrete subgroup with a specific molecular signature. The strong markers of PL-Inos/PL-prolif are preserved during development as they are observed from the 1st to the 3rd instar datasets (Figure 4D).



PSC-Like Plasmatocytes and Proliferative Plasmatocytes Resemble Prohemocytes From Stage 6 Embryos

The single cell analyses suggest that the larval hemocytes originate from the proliferative subgroup. We therefore predicted that the prohemocytes present at the early embryonic stages may resemble this subgroup and compared the larval dataset from Cattenoz et al. with the one obtained from scRNAseq on embryos at stage 6 (Supplementary Figure S3F; Karaiskos et al., 2017). At this stage, the cells of the procephalic mesoderm express the earliest hemocyte-specific transcription factors Glial Cell Missing/Glial Cell Deficient (Gcm) and Serpent (Srp) (Figure 4C; Sam et al., 1996; Bernardoni et al., 1997; Waltzer et al., 2003). The comparison of the pseudo-transcriptomes indeed shows that the prohemocytes from stage 6 embryos present the highest correlation with the subgroups PL-prolif/PL-Inos (i.e., proliferative plasmatocytes) and PL-ImpL2 (i.e., PSC-like plasmatocytes), and express the strongest markers of these subgroups (Figure 4D and Supplementary Figure S3G).



DISCUSSION

The comparative analysis of the scRNAseq datasets confirms the diversity of the immune cells present in the Drosophila larva. Molecular features consistently found across the studies allow the identification of robust plasmatocyte subgroups in addition to crystal cells and lamellocytes. The proliferative subgroup resembles the prohemocytes present in the early embryonic stages and the plasmatocytes associated with different larval tissues seem to present specific features.


Identification of Robust Subgroups

The present analysis identifies common subgroups with specific potentials (proliferation, AMP production, PSC-like, phagocytosis, secretion, crystal cells and lamellocytes) or lacking specific properties (unspecified plasmatocytes) (summarized in Figures 2B,C).

The proliferative plasmatocytes seem the sole source of larval hemocytes, including the crystal cells (Cattenoz et al., 2020; Tattikota et al., 2020). This subgroup may represent cells retaining a progenitor state, in line with their resemblance with the molecular signature of the hemocyte progenitors present in the early embryo. Lineage predictions suggest that the proliferative subgroup generates the unspecified plasmatocytes, which constitute more than 50% of the hemocytes and represent intermediary states between proliferative and differentiated cells (Cattenoz et al., 2020; Tattikota et al., 2020). The unspecified plasmatocytes seem to constitute the majority of the hemocytes associated with the eye discs, where they produce ECM proteins. The antimicrobial subgroup is the largest specified subgroup. It encompasses plasmatocytes enriched in transcripts coding for proteins associated to the immune response, including elements of the IMD and the Toll pathways and AMPs. The PSC-like subgroup displays a signature highly similar to that of the PSC in the lymph gland. Future studies will determine whether this subgroup plays a similar signaling role in the hemolymph and/or in specific niches. The phagocytic plasmatocytes are enriched for markers involved in engulfment, phagocytosis and actin remodeling. The secretory plasmatocytes are subdivided into two subgroups, one secreting storage proteins and the other secreting opsonins. The phagocytic and the storage protein secreting subgroups resemble strongly the unspecified plasmatocytes, as the number of specific markers is quite limited. The lack of a strong distinctive signature suggests that these cells may be associated with specific microenvironments/challenges, which would induce the expression of proteins on-demand, without drastically affecting hemocyte properties and identity. In other terms, we hypothesize that these two clusters are of common nature and that their differences rely on different “nurture.”

In addition to the plasmatocyte subgroups, the three studies identified lamellocyte and crystal cell subgroups. Both subgroups are characterized by a specific list of markers, suggesting a well-defined nature of these cells. Some markers are already known (Rizki and Rizki, 1959; Braun et al., 1997; Irving et al., 2005; Rus et al., 2006; Honti et al., 2009; Binggeli et al., 2014), some are new. The datasets from Tattikota et al. and Cattenoz et al. include similar experimental immune challenges (i.e., wasp infestation) to activate the production of lamellocytes and display two subgroups of lamellocytes, one intermediary and one mature. The regulons analysis identifies the transcription factors involved in lamellocyte transdifferentiation/functions. These include the transcription factors of the JNK pathway known to promote lamellocyte differentiation and seven novel transcription factors potentially required for lamellocytes maturation. Further investigations will determine the roles of these transcription factors in the differentiation of the lamellocytes.



Advantages and Biases of the Computational Approach

The comparison of the different hemocyte scRNAseq datasets allows the identification of common molecular signatures, despite the heterogeneity of the experimental procedures. This straightforward approach is based on the marker lists provided by each study and is not computationally demanding. The downside is that it highlights only the subgroups presenting the strongest markers and biologically relevant minor variations can be hidden by the differences between the parameters chosen for the computational analysis. This is the case of the secretory and phagocytic subgroups, which were not identified in Tattikota et al. (2020). In addition to the different analytic parameters, the absence of these subgroups may also be explained by the different experimental conditions. Tattikota et al. dataset includes three experimental conditions with a majority of the cells coming from wounded larvae. Such set up may favor the identification of subgroups specific to wounded conditions at the expense of subgroups present in steady state conditions.

The molecular signature of the subgroups defined in Cattenoz et al. have been used to determine the identity of hemocytes present in the scRNAseq from larval eye discs and brains as well as from stage 6 embryos. The strong molecular signature of the hemocytes permits a clear distinction of these cells within each dataset and then the comparison with the hemocyte subgroups’ signatures allows the identification of the closest subgroups. Typically, the hemocytes associated with the brain display the distinctive profile of the small, proliferative, subgroup. The main caveat of this analysis is related to the limited number of hemocytes recovered in assay (<100 cells in each dataset). We cannot exclude that discrete subgroups were not found because of their low frequencies in the specific tissue. This may notably be the case of the hemocytes associated with the eye discs, which display markers of the large subgroup of unspecified plasmatocytes. In addition, the dissection procedure may remove the less tightly associated cells, rendering our interpretation incomplete. The development of ad hoc protocols to analyze the hemocytes in the whole animal will help significantly.

The comparison of scRNAseq datasets brings robustness to the precise information on the cellular diversity gained with a single dataset. However, this approach is highly dependent on the analysis pipelines followed within each study. Since the number of studies using scRNAseq are currently booming and in parallel, new analytical tools are constantly generated, the comparability between datasets is not always straightforward (Vieth et al., 2019; Gao et al., 2020). Generating a universal pipeline of scRNAseq analysis will be highly valuable as it will facilitate the comparison between datasets.

In sum, the comparison of the three scRNAseq datasets allows the definition of common features and robust subgroups, an important asset to understand the biology of hemocyte heterogeneity. Some subgroups show a distinctive transcriptomic signature, while others present many shared markers, suggesting an origin according to nature and nurture, respectively. Increasing evidence highlight the influence of the microenvironment in governing the gene expression profile in mammalian tissue-specific macrophages, despite their common embryonic origin (Gautier et al., 2012; Lavin et al., 2014). We expect that similar mechanisms in Drosophila lead to the differentiation of specific subgroups. Future lineage tracing assays will help assessing the relative impact of intrinsic and environmental cues on the presence of the different subgroups as well as their stability. The generation of subgroup specific drivers will make it possible to assess the role of the different subgroups in physiological and pathological conditions. Finally, bulk RNAseq of distinct subgroups (sorted according to the markers from the scRNAseq) will generate deeper molecular signatures. The combination of more refined experimental and analytical approaches will determine with higher precision the similarities and differences between subgroups and reveal the function of the subgroups. This will contribute to unravel the heterogeneity and the biology of the macrophage populations.
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Across the animal kingdom, macrophages are known for their functions in innate immunity, but they also play key roles in development and homeostasis. Recent insights from single cell profiling and other approaches in the invertebrate model organism Drosophila melanogaster reveal substantial diversity among Drosophila macrophages (plasmatocytes). Together with vertebrate studies that show genuine expression signatures of macrophages based on their organ microenvironments, it is expected that Drosophila macrophage functional diversity is shaped by their anatomical locations and systemic conditions. In vivo evidence for diverse macrophage functions has already been well established by Drosophila genetics: Drosophila macrophages play key roles in various aspects of development and organogenesis, including embryogenesis and development of the nervous, digestive, and reproductive systems. Macrophages further maintain homeostasis in various organ systems and promote regeneration following organ damage and injury. The interdependence and interplay of tissues and their local macrophage populations in Drosophila have implications for understanding principles of organ development and homeostasis in a wide range of species.
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INTRODUCTION

Macrophages have a wide range of functions across species. While best known for their roles in innate immunity, macrophages also perform vital tissue-specific roles in development and homeostasis (Gold and Brückner, 2015; Okabe and Medzhitov, 2016). At the same time, macrophages are defined by their local microenvironments (Lavin et al., 2015). In this review, we discuss these underappreciated dual ways that macrophages and their microenvironment shape one another, focusing on insights from the invertebrate model organism Drosophila melanogaster.

The Drosophila blood cell system closely parallels the hematopoietic system of vertebrates both developmentally and functionally, making it an especially apt model for studying macrophage development, heterogeneity, and function (Hartenstein, 2006; Gold and Brückner, 2014, 2015; Banerjee et al., 2019). Since the 1970s, the concept of the mononuclear macrophage system dominated the vertebrate field, proposing that hematopoietic progenitors of the bone marrow give rise to monocytes, which are the source of all macrophages as they enter the tissues (van Furth et al., 1972; Dzierzak and Speck, 2008; Morrison and Scadden, 2014). However, over the last decade or more, this view has been dismissed in favor of a new model of two independent lineages of macrophages (Frame et al., 2013; Lavin et al., 2015; Ginhoux et al., 2016; Perdiguero and Geissmann, 2016). Based on modern genetic lineage tracing, an independent lineage of blood cells gives rise to the majority of tissue-resident macrophages in vertebrates. This independent lineage derives from erythro-myeloid progenitors that originate in the embryonic yolk sac and mature in the fetal liver, and subsequently colonize organs throughout the body, giving rise to local macrophage populations such as the microglia of the brain, Langerhans cells of the skin, Kupffer cells of the liver, and resident macrophages of the lung (Herbomel et al., 2001; Merad et al., 2002; Ajami et al., 2007; Geissmann et al., 2010; Hoeffel et al., 2012; Schulz et al., 2012; Davies et al., 2013; Hashimoto et al., 2013; Sieweke and Allen, 2013; Gomez Perdiguero et al., 2015). In some, but not all, organs this independent lineage of tissue macrophages is complemented by macrophages of the monocyte lineage (Davies et al., 2013; Frame et al., 2013; Sieweke and Allen, 2013; Lavin et al., 2015; Ginhoux et al., 2016; Perdiguero and Geissmann, 2016).

Interestingly, much like vertebrates, Drosophila also has two independent lineages of blood cells, or hemocytes:

(1) The embryonic/resident lineage, which parallels the vertebrate erythro-myeloid progenitor lineage of tissue macrophages, is based on self-renewing differentiated macrophages (Makhijani et al., 2011; Davies et al., 2013; Gold and Brückner, 2014, 2015; Ratheesh et al., 2015; Banerjee et al., 2019). Hemocytes of this lineage arise in the embryonic head mesoderm, quickly differentiate into macrophage-like plasmatocytes, migrate throughout the embryo in stereotyped routes (Tepass et al., 1994; Siekhaus et al., 2010), and then colonize organ and tissue microenvironments in the larva where they proliferate over time (Gold and Brückner, 2014, 2015). Examples include the prominent tissue-resident clusters of hemocytes in segmentally repeated epidermal-muscular pockets (hematopoietic pockets), and resident hemocytes at the proventriculus of the gastrointestinal system (Zaidman-Rémy et al., 2012). Homing and adhesion of hemocytes to these sites depends on active sensory neurons of the hematopoietic pockets and their expression of the Transforming Growth Factor-β (TGF-β) family ligand Activin-β (Actβ) and other predicted factors (Makhijani et al., 2011, 2017). Neuron signals may also play a role in the localization of hemocytes at the proventriculus (Cognigni et al., 2011). In hemocytes, actin cytoskeleton regulators such as Rho1 and Rac appear to be required for their tissue localization and adhesion (Williams, 2006; Makhijani et al., 2011). Likewise, Nimrod family transmembrane receptors such as Nimrod C1 (NimC1) and Eater, expressed on plasmatocytes, play roles in adhesion (Bretscher et al., 2015; Melcarne et al., 2019), the latter through interaction with the collagen XV/XVIII ortholog Multiplexin in the basement membrane of tissues (Csordás et al., 2020). Hemocyte adhesion is negatively regulated by factors from other tissues such as NimB5, secreted from the fat body upon nutrient starvation, driving hemocyte release into circulation (Ramond et al., 2020b). Resident hemocytes also lose adhesion and enter circulation upon various immune challenges, or changes in cell signaling (Williams, 2006; Stofanko et al., 2008; Markus et al., 2009), while wounds induce local adhesion of circulating hemocytes (Babcock et al., 2008). However, under unchallenged conditions, in the first and second instar larva, the vast majority of hemocytes are resident (Makhijani et al., 2011; Petraki et al., 2015). Starting in the late second to early third instar, an increasing number of hemocytes enter circulation (Markus et al., 2009; Makhijani et al., 2011; Petraki et al., 2015), establishing a steady state exchange with various resident locations (Welman et al., 2010; Makhijani et al., 2011; Makhijani and Brückner, 2012).

(2) The lymph gland lineage, which is based on progenitors, parallels the vertebrate lineage of hematopoietic stem and progenitor cells (Jung, 2005; Krzemien et al., 2010a, b; Gold and Brückner, 2014; Banerjee et al., 2019). Developmentally, the lymph gland originates from the cardiogenic mesoderm of the embryo, echoing the emergence of hematopoietic stem cells from the endothelium of the aorta in vertebrates (Hartenstein, 2006; Gold and Brückner, 2014, 2015; Banerjee et al., 2019). Blood progenitors of the lymph gland proliferate in the embryo and the larval stages, and only start in the mid-second instar to differentiate into plasmatocytes and other immune cell types (Jung, 2005; Krzemien et al., 2010a; Gold and Brückner, 2015; Banerjee et al., 2019). In addition, differentiated plasmatocytes proliferate to a certain extent, in particular in third instar larvae (Jung, 2005; Banerjee et al., 2019). Immune assaults and environmental challenges accelerate the differentiation of lymph gland progenitors and the release of differentiated plasmatocytes and other immune cells into circulation (Sorrentino et al., 2002; Crozatier et al., 2004; Márkus et al., 2005; Owusu-Ansah and Banerjee, 2009; Shim et al., 2013; Letourneau et al., 2016; Banerjee et al., 2019). Likewise, dysregulation of various major signaling pathways that usually tightly control normal lymph gland development can result in premature, or precocious, differentiation, including signaling by Notch (N), Hedgehog (Hh), Wingless (Wg), the Bone Morphogenetic Protein (BMP) Decapentaplegic (Dpp), receptor tyrosine kinases such as the PDGFR/VEGFR-related Receptor (PVR) and Fibroblast Growth Factor Receptor (FGFR), Hippo, JAK/STAT, NFκB- related Toll signaling and transcriptional regulators such as the zinc finger transcription factor Zfrp8 and the GATA factor Pannier (Qiu et al., 1998; Myrick and Dearolf, 2000; Lebestky et al., 2003; Crozatier et al., 2004; Mandal et al., 2007; Minakhina et al., 2007, 2011; Sinenko et al., 2009; Pennetier et al., 2012; Dragojlovic-Munther and Martinez-Agosto, 2013; Ferguson and Martinez-Agosto, 2014; Milton et al., 2014; Destalminil-Letourneau et al., 2021). In contrast, under unchallenged conditions, the lymph gland disintegrates and releases all of its hemocytes at the beginning of metamorphosis (Grigorian et al., 2011).

The two hemocyte lineages persist into the adult animal, with the embryonic lineage contributing the major part of immune cells, at least under unchallenged conditions (Holz et al., 2003; Sanchez Bosch et al., 2019). No significant new blood cell production has been detected in the adult, even under conditions of immune challenge (Sanchez Bosch et al., 2019), and a decline in both hemocyte number and phagocytic activity has been documented as adult flies age (Mackenzie et al., 2011; Horn et al., 2014). Both hemocyte lineages give rise to common cell types: plasmatocytes (>90% of immune cells at most developmental stages), which are analogous to vertebrate macrophages and function as the primary phagocytic cells in Drosophila; crystal cells (∼5% of immune cells), which function in clotting and wound healing through prophenoloxidase (PPO)-mediated melanization; and lamellocytes, stress- or immune challenge-induced cells involved in encapsulation, analogous to granuloma formation in vertebrates (Gold and Brückner, 2014, 2015; Banerjee et al., 2019).

Across species, macrophages have many important functions during development and homeostasis (Figure 1). Macrophages play vital roles in phagocytosis of pathogens and apoptotic cells, through scavenger receptors such as Croqumort (Crq), and Nimrod-domain (NIM) containing receptors including Eater, Nimrod C1 (NimC1), Draper (Drpr), and Six-microns-under (Simu) (Franc, 1999; Manaka et al., 2004; Kocks et al., 2005; MacDonald et al., 2006; Kurucz et al., 2007; Kurant et al., 2008; Krzemien et al., 2010b; Melcarne et al., 2019; Roddie et al., 2019). Related to this, macrophages participate in wound healing (Stramer et al., 2005; Babcock et al., 2008; Pastor-Pareja et al., 2008; Koh and DiPietro, 2011; Wang et al., 2014). They play a central role in innate immunity, producing antimicrobial and pro-inflammatory mediators (Lemaitre and Hoffmann, 2007; Lazzaro, 2008; Buchon et al., 2014). In addition, macrophages have homeostatic functions such as regulation of dietary stress (Woodcock et al., 2015) and detection and regulation of the metabolic state (Parupalli et al., 2020). Drosophila macrophages also produce and deposit extracellular matrix (ECM) components (Fessler and Fessler, 1989; Wood and Jacinto, 2007) such as Collagen IV, Laminin, Perlecan, and Peroxidasin, an ECM-associated peroxidase, as they migrate along surfaces and reside in specific anatomical locations (Nelson et al., 1994; Bunt et al., 2010; Martinek et al., 2011; Van De Bor et al., 2015; Matsubayashi et al., 2017; Sánchez-Sánchez et al., 2017). Moreover, Drosophila macrophages regulate stem cells and other tissue-specific cell populations, often through localized secretion of signals such as cytokines of the Unpaired (Upd) family, which signal through the receptor Domeless (Dome) and the JAK/STAT pathway (Hopscotch and Stat2E in Drosophila), promoting proliferation and differentiation of target tissues (Chakrabarti et al., 2016; Guillou et al., 2016). In Drosophila, at least some macrophage-like plasmatocytes have the plasticity to give rise to crystal cells (Bretscher et al., 2015; Leitão and Sucena, 2015; Corcoran et al., 2020) and, upon immune challenge, lamellocytes (Markus et al., 2009; Anderl et al., 2016).
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FIGURE 1. Roles of macrophage-like plasmatocytes in Drosophila. Plasmatocytes (red) perform a diverse array of functions during development, homeostasis, injury, and infection. Responses include phagocytosis of pathogens and apoptotic cells; production of AMPs (antimicrobial peptides) and inflammatory mediators; production and deposition of ECM (extracellular matrix) components such as collagen that are often part of the basement membrane; tissue repair and regeneration, including stimulation of stem cell function; roles in metabolic homeostasis including uptake of lipids and secretion of metabolic mediators. In addition, at least some Drosophila plasmatocytes have plasticity to transdifferentiate into other hemocyte types, specifically crystal cells and, upon immune challenge, lamellocytes.




NEW INSIGHTS INTO MACROPHAGE DIVERSITY

A recent body of research suggests that not all macrophages are equal, rather they can be categorized into phenotypically and functionally unique subpopulations. Single cell RNA sequencing and functional studies in Drosophila identify transcriptionally and functionally distinct clusters of plasmatocytes, which are modulated by developmental time, lineage, injury, and infection status (Cattenoz et al., 2020; Cho et al., 2020; Coates et al., 2020; Ramond et al., 2020a; Tattikota et al., 2020). Vertebrate single cell studies identify similar heterogeneity among macrophages, modulated by developmental stage and lineage (Gordon and Taylor, 2005; Martinez et al., 2006; Paul et al., 2015; Lin et al., 2019; Lantz et al., 2020). Under pathologic conditions, macrophages may take on a spectrum of activation states, mirrored by their transcriptional profiles, dependent on disease severity (Lin et al., 2019; Mould et al., 2019; Weinstock et al., 2019; Lantz et al., 2020). Additionally, through analyses of enhancer landscapes and tissue-specific single cell RNA sequencing, it has become clear that macrophage subpopulations of organs including the liver, spleen, lung, peritoneal cavity, colon, small intestine, brain, and kidney, are shaped by their tissue of residence in vertebrate models (Gosselin et al., 2014; Lavin et al., 2014; MacParland et al., 2018; Mould et al., 2019; Van Hove et al., 2019; Zimmerman et al., 2019). In Drosophila, it is expected that heterogeneity of macrophages stems from the complex interactions between these cells and their microenvironment. A recent sequencing study identified cross-species markers between Drosophila and vertebrate macrophages, although their functional significance remains to be determined (Fu et al., 2020).

In addition to parallels in the local regulation of macrophages, Drosophila and vertebrates rely on conserved systemic signaling that regulates macrophages. Vertebrate macrophages express colony stimulating factor 1 receptor (CSF-1R), a receptor tyrosine kinase (RTK) of the family of Platelet-Derived Growth Factor Receptors and Vascular Endothelial Growth Factor Receptors (PDGFRs and VEGFRs) (Lemmon and Schlessinger, 2010). Vertebrate CSF-1R is activated by colony-stimulating factor-1 (CSF-1) and interleukin-34 (IL-34), promoting proliferation, differentiation, survival, chemotactic migration and differentiation of macrophages during development, homeostasis, and innate immunity (Stanley and Chitu, 2014). Similarly in Drosophila, the molecularly conserved ortholog PDGFR/VEGFR-related Receptor (PVR) is expressed in hemocytes. PVR recognizes PDGF/VEGF related factors Pvf1, Pvf2, and Pvf3, and is essential for trophic survival, proliferation, plasmatocyte activation, and some aspects of chemotactic migration (Munier et al., 2002; Brückner et al., 2004; Wood et al., 2006; Wood and Jacinto, 2007; Kelsey et al., 2012; Parsons and Foley, 2013; Sopko et al., 2015).

Despite the apparent necessity of macrophages in development and homeostasis, ablation studies suggest that hemocytes are not essential for survival in Drosophila (Braun et al., 1998; Charroux and Royet, 2009; Defaye et al., 2009; Arefin et al., 2015). However, plasmatocytes and PVR expression are fundamental to embryonic development, as they promote the essential process of central nervous system (CNS) condensation (Zhou et al., 1995; Sears, 2003; Olofsson and Page, 2005; Defaye et al., 2009; Evans et al., 2010). Lack of macrophages is seemingly compatible with larval and pupal development, although it causes a shift in immune effector pathways – specifically, induction of the Toll pathway and repression of the Imd pathway – which leads to a proinflammatory state and aberrant leg development, in turn resulting in reduced likelihood of eclosion (Arefin et al., 2015). In adult Drosophila, lack of macrophages increases susceptibility to bacterial infection (Braun et al., 1998; Charroux and Royet, 2009; Defaye et al., 2009; Arefin et al., 2015), demonstrating their immune functions and role as sentinels of infection that induce antimicrobial peptide (AMP) gene expression in other tissues (Sanchez Bosch et al., 2019).

It is clear that plasmatocytes are a diverse population of cells that modulate a wide variety of processes during development. Genetic studies in Drosophila have provided broad evidence of tissue-specific macrophage function. How do macrophages and their microenvironment shape one another in different organ systems? We address this question in the following paragraphs and Figure 2.
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FIGURE 2. Drosophila macrophages play life stage and tissue-specific roles in development, homeostasis, and infection. Major roles of plasmatocytes (macrophages, red) during developmental stages of embryo, larva, and adult (pupal stage is omitted). Organ systems regulated by macrophages are renal tubules (dark blue), respiratory system (light blue), nervous system (green), fat body (olive green), muscle system (pink), imaginal discs (purple), digestive system (teal), reproductive system (orange), heart (gray). Organ shapes adapted from Hartenstein (1995).




NERVOUS SYSTEM

The Drosophila central nervous system consists of the brain and ventral nerve cord, and the peripheral nervous system includes sensory and motor neurons (Landgraf and Thor, 2006; Sánchez-Soriano et al., 2007; Hartenstein et al., 2008; Singhania and Grueber, 2014; Schirmeier et al., 2016; Doe, 2017; Li et al., 2018; Sugie et al., 2018; Akin and Zipursky, 2020). Major roles of macrophages in the nervous system, together with glia, are the phagocytic removal of apoptotic cells and the production of ECM (Zheng et al., 2017; Bittern et al., 2020; Hilu-Dadia and Kurant, 2020). Hemocytes invade the posterior end of the embryo during the germband extended stage and subsequently disperse throughout the embryo by migration, also entering the ventral nerve cord (VNC) (Tepass et al., 1994; Brückner et al., 2004). Some aspects of this migration, in particular invasion of the posterior end and migration along the VNC are mediated by PVR (Brückner et al., 2004; Wood et al., 2006), although PVR is primarily required for anti-apoptotic survival of hemocytes (Brückner et al., 2004). In the VNC, a significant amount of programmed cell death takes place in various cell types from the early stages of CNS formation to the end of embryogenesis (Abrams et al., 1993; White et al., 1994; Sonnenfeld and Jacobs, 1995; Zhou et al., 1995; Hidalgo et al., 2001; Peterson et al., 2002; Lundell, 2003; Miguel-Aliaga, 2004; Karcavich and Doe, 2005; Rogulja-Ortmann et al., 2007). Hemocytes phagocytose apoptotic bodies, opening up spaces and allowing for condensation of the nervous system (Olofsson and Page, 2005; Evans et al., 2010). Inhibition of hemocyte development or function causes mispositioning of glia, which, in turn, results in CNS axon scaffold and patterning defects (Sears, 2003); this phenotype is also observed when either PVR or Crq are RNAi silenced in hemocytes (Sears, 2003). CNS axon scaffold malformation forms a physical barrier to hemocyte migration along the VNC (Evans et al., 2010). When hemocytes cannot migrate, VNC condensation was proposed to also be disrupted due to a lack of ECM deposition by the migrating hemocytes (Olofsson and Page, 2005; Evans et al., 2010). Consistent with this, hemocytes deficient in laminin B1 (LanB1) exhibit slower migration along the ventral nerve cord (VNC) and defects in VNC condensation (Sánchez-Sánchez et al., 2017).

As development proceeds, in the larva, and especially during metamorphosis and in the adult, functions of hemocytes are more predominantly adopted by glia. In particular, glia mediate phagocytosis of dead cells and neuron fragments during axonal and dendrite pruning, and following injury (Sonnenfeld and Jacobs, 1995; Watts et al., 2004; Kurant, 2011; Bittern et al., 2020; Furusawa and Emoto, 2020; Hilu-Dadia and Kurant, 2020). Hemocytes and glia show molecular parallels regarding their phagocytic receptors such as Simu and Drpr (MacDonald et al., 2006; Kurant et al., 2008; Shklyar et al., 2014; Evans et al., 2015; Weavers et al., 2016; Shlyakhover et al., 2018; Davidson and Wood, 2020), and their mutual dependence on the transcription factors glial cells missing (gcm) and glial cells missing 2 (gcm2), during embryonic development (Bernardoni et al., 1997; Alfonso and Jones, 2002; Trébuchet et al., 2019).

Plasmatocytes also play roles in the development and homeostasis of the peripheral nervous system (PNS). During larval development, macrophages were proposed to function in neuronal pruning by severing destabilized dendritic branches and engulfing neuronal debris (Williams, 2005). More recently, however, it has been shown that non-traditional phagocytes, including glia and epidermal cells, play more central roles in neuronal pruning during development (Han et al., 2014). Macrophages may also have other roles in PNS development: a study suggested that hemocytes may promote aspects of glial cell biology necessary for peripheral nerve elongation (Pandey et al., 2011).

Conversely, the peripheral nervous system (PNS) can shape its resident macrophages and other hemocytes. Hemocytes associate with sensory neurons of the PNS in segmentally repeated hematopoietic pockets of the larval body wall (Makhijani et al., 2011; Makhijani and Brückner, 2012). These sensory neurons detect a variety of environmental and internal cues such as mechanical inputs, chemical stimuli, temperature, and light (Tracey et al., 2003; Hughes and Thomas, 2007; Song et al., 2007; Xiang et al., 2010; Han et al., 2014) and serve as a microenvironment for macrophages and other hemocytes (Makhijani et al., 2011, 2017; Makhijani and Brückner, 2012; Corcoran et al., 2020). Within the microenvironments, neurons promote macrophage survival (Makhijani et al., 2011) through Dscam1 expression (Ouyang et al., 2020), and proliferation and localization by the expression of Actβ (Makhijani et al., 2017). Moreover, a specific set of caudal sensory neurons promotes transdifferentiation of plasmatocytes into crystal cells in the presence of oxygen, providing evidence that environmental inputs to the sensory nervous system can impact hematopoietic processes (Corcoran et al., 2020).



DIGESTIVE SYSTEM

The digestive system of Drosophila is maintained throughout all developmental stages based on intestinal stem cell (ISC) proliferation and differentiation (Murakami et al., 1999; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Lemaitre and Miguel-Aliaga, 2013). Macrophages and other hemocytes form aggregates in folds of the intestine: at all developmental stages, they are enriched at the proventriculus, a structure where the esophagus, crop, and midgut converge (Tepass et al., 1994; Lebestky et al., 2000; Brückner et al., 2004; Charroux and Royet, 2009; Zaidman-Rémy et al., 2012). Hemocytes at the proventriculus are regulated by phosphoinositide 3-kinase (PI3K): PI3K signaling decreases hemocyte adhesion at the proventriculus, although it does not interfere with initial recruitment (Zaidman-Rémy et al., 2012). Hemocyte localization and responses may be further regulated by the innervation of the proventriculus (Cognigni et al., 2011), similar to hemocyte dependence on active sensory neurons in the hematopoietic pockets (Makhijani et al., 2011, 2017; Gold and Brückner, 2014, 2015). Macrophages are also enriched in clusters at the midgut, especially upon damage or infection (Ayyaz et al., 2015), and it has been debated whether some hemocytes are inserted in the midgut epithelium (Charroux and Royet, 2009; Zaidman-Rémy et al., 2012).

The macrophages of the intestine play important roles in innate immunity, maintaining homeostasis of gut microbiota both under basal conditions and after pathogen ingestion via the secretion of AMPs and phagocytosis (Nehme et al., 2007; Charroux and Royet, 2009; Ayyaz et al., 2015; Bonfini et al., 2016; Guillou et al., 2016). In addition, under conditions of tissue damage, inflammation, and infection, local and systemic macrophages function to promote and control tissue regeneration of the intestine (Takeishi et al., 2013; Ayyaz et al., 2015; Chakrabarti et al., 2016). Septic injury triggers upregulation of Upd ligands in hemocytes (Pastor-Pareja et al., 2008; Chakrabarti et al., 2016), inducing systemic changes including intestinal stem cell activation via JAK/STAT signaling (Chakrabarti et al., 2016; Guillou et al., 2016); this mechanism plays a role in many situations of gut regeneration and homeostasis (Jiang et al., 2009). Upon gut damage by oxidative stress or oral infection, local hemocytes produce the BMP Dpp, inducing proliferation of ISCs through activation of the signal transducer dSmad2, followed by signaling through the signal transducer Mothers against Dpp (Mad) that restores ISC quiescence (Ayyaz et al., 2015). This pathway also maintains normal gut homeostasis and limits ISC proliferation (Guo et al., 2013; Zhou et al., 2015). As the fly ages, repeated Dpp secretion by hemocytes can lead to dysregulated dSmad2 activity, resulting in dysplasia as ISCs over-proliferate, an intriguing model for colon cancer (Ayyaz et al., 2015). Similarly, in mouse models, macrophages in the colon directly promote the proliferation of epithelial progenitors as a wound response (Pull et al., 2005).



REPRODUCTIVE SYSTEM

The Drosophila reproductive organs, the female ovary and the male testis, carry germline stem cells and produce the gametes (Fuller and Spradling, 2007). In the Drosophila ovary, the basement membrane, a specialized ECM underlying the basal side of epithelial cells (LeBleu et al., 2007; Yurchenco, 2011), is important for the stability and function of the gonad and the developing egg chambers (follicles) (Denef et al., 2008; Van De Bor et al., 2015). While follicular epithelial cells contribute to the basement membrane in the adult ovary (Denef et al., 2008), a population of ovarian macrophages deposits collagen IV in the larval gonad, forming a stable basement membrane that persists from the larval to the adult stage (Van De Bor et al., 2015). This basement membrane regulates the stem cell niche of the gonad by limiting diffusion of the BMP Dpp, which prevents excessive Dpp in the ovaries from triggering over-proliferation of the germline stem cells (Van De Bor et al., 2015). The gradient of Dpp is also known to be limited by heparan sulfate proteoglycans (HSPGs) (Guo et al., 2013; Zhou et al., 2015). In the absence of hemocyte-produced collagen, larvae develop malformed basement membranes, which, in turn, lead to dysregulated stem cell proliferation, ultimately resulting in decreased reproductive fitness (Wang et al., 2008; Van De Bor et al., 2015). In the male testis, macrophages were suggested to be required for the regeneration of germline stem cells from dedifferentiating spermatogonial cells, a process that may depend on JAK/STAT signaling (Varga et al., 2020). In the mammalian ovary, macrophages play various roles, although mechanistic parallels with Drosophila remain to be determined (Wu et al., 2004). For example, macrophages are located along the basement membrane and support follicular development during the estrous cycle (Cohen et al., 1997). Their exact role in tissue remodeling during ovulation is unclear, although mice lacking ovarian macrophages have decreased reproductive success (Cohen et al., 1997).



RESPIRATORY SYSTEM

The Drosophila respiratory system consists of a tubular system of trachea that develop over the embryonic and larval stages; it is then remodeled during metamorphosis, forming the extensive air sacs of the head and thorax, as well as tubular tracheal structures in the abdomen of the adult animal (Whitten, 1957; Manning and Krasnow, 1993; Hayashi and Kondo, 2018). In the tracheal system, hemocytes exist alongside respiratory tubes and epithelia to assist with development (Hartenstein et al., 1994; Baer et al., 2010) and prevention of infection (Sanchez Bosch et al., 2019). Specifically, during embryonic development, tracheal cells at the base of the dorsal branch undergo apoptosis in response to microenvironmental cues, detach from the epithelium, and are engulfed by macrophages (Baer et al., 2010). Tracheal cells also undergo apoptosis as part of tracheal remodeling during metamorphosis, suggesting a possible role for phagocytosing macrophages at this stage of development (Chen and Krasnow, 2014). Following pupariation, macrophages of the embryonic lineage and dispersed lymph gland hemocytes (Holz et al., 2003; Grigorian et al., 2011) associate with the respiratory epithelia (air sacs) in the head and thorax of the adult animal, forming the major blood cell reservoir (Sanchez Bosch et al., 2019). Here, macrophages act as sentinels of infection, engulfing pathogens and instructing the respiratory epithelia and neighboring cells of the fat body via secretion of Upd3 to produce e.g., the AMP Drosocin (Tzou et al., 2000; Sanchez Bosch et al., 2019), which defends against bacterial infection (Lemaitre et al., 1995; Sanchez Bosch et al., 2019).



FAT BODY

The Drosophila fat body is a site of energy storage, detoxification and immune response that functionally parallels the vertebrate liver (Miller et al., 2002; Dionne, 2014). It forms an extensive tissue in the embryo and larva, and lines the majority of the adult cuticle and epidermis (Zhang and Xi, 2015). During larval development, macrophages contribute critically to basement membrane formation of the fat body via the deposition of SPARC, a glycoprotein involved in the assembly of collagen IV (Shahab et al., 2015). Later, during metamorphosis, larval fat body cells undergo remodeling, resulting in fat body dissociation and apoptosis (Nelliot et al., 2006; Sanchez Bosch et al., 2019). Macrophages associate with these decaying cells and are involved in the phagocytosis of the cellular debris, a process that lasts well into adulthood (Nelliot et al., 2006; Sanchez Bosch et al., 2019).

Macrophages affect many aspects of metabolic regulation, homeostasis and immunity in the fat body (Dionne, 2014). For example, when larvae are raised on a high fat diet, or exposed to parasitic wasp infestation, plasmatocytes produce excess Upd3, inducing Jak/Stat signaling in the fat body, which downregulates insulin production, decreases larval growth, and reduces lifespan (Woodcock et al., 2015; Shin et al., 2020). This mechanism is mirrored in animals on a high sucrose diet (Parupalli et al., 2020). In response to bacterial infection, hemocytes communicate to the fat body through signals including Upd3 and the Toll ligand Spätzle to induce AMP expression, in both the larva and adult (Agaisse et al., 2003; Brennan et al., 2007; Charroux and Royet, 2009; Shia et al., 2009; Honti et al., 2014; Sanchez Bosch et al., 2019). Bacterial infection also stimulates hemocytes to release ImpL2, an insulin/IGF antagonist, which induces the release of lipoproteins and carbohydrates from the fat body to fuel the immune response (Gabriela et al., 2020); in turn, hemocytes switch to aerobic glycolysis, which supports the antibacterial defense (Krejèová et al., 2019).

Conversely, fat body cells regulate hemocyte populations during instances of nutrient deprivation and immune challenge. During starvation, macrophages move from the hematopoietic pockets and other locations to infiltrate the larval fat body (Shim et al., 2012). Specifically, the fat body releases NimB5, which acts on hemocytes to downregulate adhesion and proliferation (Ramond et al., 2020b). This mechanism redirects resources to essential functions only, promoting animal survival (Ramond et al., 2020b). Under immune challenge such as parasitic wasp infestation, signals from the fat body promote hemocyte responses: Toll signaling in the fat body promotes the Toll-dependent activation of macrophages (Schmid et al., 2014). Moreover, fat body cells upregulate expression of Edin (elevated during infection), a secreted peptide that promotes an increase in macrophage number and also triggers their release from the hematopoietic pockets and other resident locations, thereby facilitating the encapsulation response (Vanha-aho et al., 2015).



MUSCLE SYSTEM

Drosophila has a complex muscle system at all stages of development (Bothe and Baylies, 2016). Macrophages and the muscular system form another axis of communication in Drosophila. In the adult animal, under non-inflammatory physiology, hemocytes constitutively produce Upd3, which promotes basal JAK/STAT activity in muscle cells (Kierdorf et al., 2020). When disrupting this signaling by loss of the dome receptor in muscles, a systemic metabolic pathology develops, characterized by hyperactivation of the kinase AKT, an insulin signaling mediator, and reduced lifespan (Kierdorf et al., 2020). While this study raises new interesting questions, the interactions between muscle, insulin signaling, metabolism, and growth have been an intense focus of investigation (Demontis and Perrimon, 2009, 2010; Kwon et al., 2015).

Molecular communication in both directions, including signaling from the muscles to macrophages, is central in establishing immune responses (Yang et al., 2015; Yang and Hultmark, 2017). In the Drosophila larva, muscles regulate plasmatocytes in the immune response to parasitic wasp infestation. This effect is initially triggered by the release of Upd2 and Upd3 from plasmatocytes during wasp infestation, activating the JAK/STAT pathway in muscle tissue beyond basal levels (Yang et al., 2015; Shin et al., 2020). In turn, muscle cells control the plasmatocyte response, promoting the number of plasmatocyte-derived lamellocytes and enhancing the encapsulation response (Yang et al., 2015). This effect appears to depend on altered feeding behavior and is mediated by insulin signaling via TOR (target of rapamycin) in the muscles, which indirectly enhances JAK/STAT signaling in hemocytes, driving lamellocyte formation (Yang et al., 2015; Anderl et al., 2016; Yang and Hultmark, 2017). Interestingly, larval muscles are an anatomical part of the hematopoietic pockets where plasmatocytes reside in clusters, suggesting that muscle cells are an active player of this instructive microenvironment (Makhijani et al., 2011; Makhijani and Brückner, 2012; Yang et al., 2015).



HEART

In Drosophila and in insects in general, macrophages accumulate in clusters at the ostia (intake valves) of the heart (Gupta, 1979), a tubular structure running along the dorsal side of the animal (Ocorr et al., 2007). Macrophages in these clusters monitor the streaming hemolymph of the open circulatory system and fulfill immune functions, phagocytosing bacteria and foreign particles (Gupta, 1979; Elrod-Erickson et al., 2000; Dionne et al., 2003; King and Hillyer, 2012; Cevik et al., 2019). Relatively little is known about interactions between macrophages and heart tissue. In Drosophila third instar larvae, hemocytes from resident sites increasingly enter circulation and subsequently accumulate in clusters at the ostia and pericardial nephrocytes of the larval heart (dorsal vessel) (Frasch, 1999), forming dorsal vessel-associated clusters (Markus et al., 2009; Makhijani et al., 2011; Petraki et al., 2015; Cevik et al., 2019). Hemocytes accumulate in the ECM of the dorsal vessel, which is facilitated by the heart-specific collagen Pericardin (Cevik et al., 2019). In addition, some aspects of this accumulation may be mechanical (Petraki et al., 2015; Cevik et al., 2019). In adult Drosophila, hemocytes accumulate at the ostia of the heart in a mesh of ECM that likewise contains Pericardin and Laminin A (Ghosh et al., 2015; Sessions et al., 2017). One study suggested that the heart serves as a ‘hematopoietic hub’ for new hemocyte production (Ghosh et al., 2015), however, this model was disproven based on evidence of a developmental mechanism of macrophage accumulation at the heart, and the absence of any significant hematopoietic activity using multiple orthogonal approaches (Sanchez Bosch et al., 2019).



RENAL TUBULES

Drosophila Malpighian tubules (renal tubules) are excretory organs with similarity to the vertebrate kidney; they secrete waste and maintain ionic and osmotic homeostasis (Maddrell, 1972; Denholm and Skaer, 2009). During the embryonic development of the Malpighian tubules, macrophages are attracted to these growing structures through tubule expression of PVF ligands (Bunt et al., 2010). Macrophages, in turn, secrete components of the basement membrane (Bunt et al., 2010). Collagen IV is part of this, sensitizing tubule cells to the BMP ligand Dpp, which is required to promote the outgrowth of the tubules (Bunt et al., 2010). While it is known that Dpp is secreted locally, the source remains unknown; however, in the gut, Dpp is sourced from hemocytes (Guo et al., 2013; Ayyaz et al., 2015) and hemocytes could have a similar function for the Malpighian tubules. The process of macrophage-mediated tubule elongation is conserved in mice where tissue-resident macrophages contribute to renal organogenesis (Munro and Hughes, 2017).



IMAGINAL DISCS

Imaginal discs are the larval precursors to the adult fly eyes, wings, legs, and other appendages (Worley et al., 2012). They develop as epithelial sacs, which serve as intriguing models to study patterning, morphogenesis, and regeneration (Hariharan and Serras, 2017). Imaginal disc damage stimulates increase in macrophages that adhere to the wound (Bryant and Fraser, 1988; McClure et al., 2008; Pastor-Pareja et al., 2008; Katsuyama and Paro, 2013). In response to UV damage to the eye imaginal disc, macrophages actively promote tissue regeneration (Kelsey et al., 2012). Specifically, damaged disc cells upregulate Shnurri (Shn), a transcriptional regulator that induces Pvf1, which then signals to disc-associated hemocytes to activate their macrophage-like behavior (Kelsey et al., 2012). Activated hemocytes engulf apoptotic cells in the eye disc and clear debris to limit tissue damage (Kelsey et al., 2012). The activation of macrophages in this model relies at least in part on the induction of mesencephalic astrocyte-derived neurotrophic factor (MANF) (Neves et al., 2016). MANF shifts the expression of hemocyte markers and induces expression of the Drosophila homolog of the mammalian M2 marker arginase1, suggesting a process similar to the alternative activation of macrophages in vertebrates (Neves et al., 2016). Importantly, PDGF/MANF signaling of macrophages in response to retinal damage is conserved in mammals (Neves et al., 2016). Hemocytes also trigger tissue regeneration via epithelial cell proliferation in response to reactive oxygen species (ROSs) released from damaged epithelial disc cells (Fogarty et al., 2016). In a model of apoptosis-induced proliferation (AiP), in which eye disc cells were induced to die by the pro-apoptotic gene head involution defect (hid), while apoptosis was concomitantly blocked by p35 (Ryoo et al., 2004), activity of the caspase Dronc in epithelial disc cells promotes activation of the NADPH oxidase Duox that generates extracellular ROSs (Fogarty et al., 2016). ROS release activates disc-associated macrophages and induces them to secrete the TNF (tumor necrosis factor) family ligand Eiger, which activates JNK signaling in disc cells leading to proliferation (Fogarty et al., 2016). Similar mechanisms of ROS-induced JNK signaling may apply to the regeneration of damaged wing discs, although the role of hemocytes in this context remains to be investigated (Santabárbara-Ruiz et al., 2015). One study reported hemocytes to be dispensable for the regenerative growth of aseptic wounds of wing discs or transplanted leg disc fragments under conditions of combined ablation of hemocytes and fat body (Katsuyama and Paro, 2013). However, these experiments were performed in developmentally arrested larvae fed with erg2Δ mutant yeast (Katsuyama and Paro, 2013) that does not provide sterols necessary for the formation of the fly hormone ecdysone (Parkin and Burnet, 1986). Ecdysone controls molting, but also stimulates hemocyte phagocytic activity and mobility, and the encapsulation response (Sorrentino et al., 2002; Regan et al., 2013; Sampson et al., 2013), which could have affected experimental outcomes (Katsuyama and Paro, 2013).



DISCUSSION

Drosophila and vertebrates share many parallels in their macrophage systems, which in both cases are based on two lineages. While the anatomical origins of tissue macrophages in Drosophila and vertebrates differ, there are many evolutionary parallels at the molecular, cellular, and functional level. Considering that this lineage is the predominant source of macrophages in Drosophila (Sanchez Bosch et al., 2019), we propose that tissue macrophages may represent the ancient mechanism of macrophage production and regulation, allowing immediate adaptation to organismal and environmental conditions. This may be particularly important in species that heavily rely on innate immunity.

The diverse functional roles of Drosophila macrophages predict defined subpopulations, influenced by local signals from their tissue of residence, and possibly lineage and other conditions. This resembles vertebrates, in which macrophage populations have been characterized based on their polarization, i.e., their distinct functional phenotypes, regulated by microenvironmental and systemic stimuli (Gordon and Taylor, 2005; Martinez, 2008; Lavin et al., 2015; Zhu et al., 2015; Shapouri-Moghaddam et al., 2018). Vertebrate macrophages exhibit functional plasticity to differentiate into classically activated macrophages (M1) with roles in infection, and alternatively activated macrophages (M2) active in tissue repair and anti-inflammatory responses; further subdivisions are based on their prototypical activating stimuli and functionality (Martinez, 2008; Tarique et al., 2015; Zhu et al., 2015; Shapouri-Moghaddam et al., 2018). Recent analyses suggest an even greater spectrum of activation states exceeding these classifications (Mosser and Edwards, 2008; Xue et al., 2014), and lineage also plays a role in determining the properties and activation states of macrophages (Gundra et al., 2014). Macrophages may adopt potentially distinct activation states when mediating previously unknown functions, such as the transfer of mitochondria to and from target tissues including neurons and heart cells, which promotes repair after tissue damage, and stimulates the macrophage innate immune response, respectively (Jackson et al., 2016; Brestoff et al., 2020; Nicolás-Ávila et al., 2020; Raoof et al., 2020).

Research in Drosophila suggests that the characteristics of macrophages are changed following priming by an immune encounter, such as phagocytosis of apoptotic cells (Weavers et al., 2016; Nonaka et al., 2017; Roddie et al., 2019; Chakrabarti and Visweswariah, 2020). This interaction leads to “immune training”, consisting of changes in intracellular signaling and the repertoire of phagocytic receptors, which can determine behavior in future encounters (Weavers et al., 2016; Nonaka et al., 2017; Roddie et al., 2019; Chakrabarti and Visweswariah, 2020). Consistent with this, a study provided molecular evidence of Drosophila macrophages taking on an alternatively activated (M2) status in response to local cues in tissue regeneration (Neves et al., 2016). Single cell RNA sequencing and functional studies further support the hypothesis of distinct activation states in Drosophila macrophages, identifying subpopulations that have differential involvement in phagocytosis, metabolic homeostasis, and the humoral AMP response (Cattenoz et al., 2020; Cho et al., 2020; Coates et al., 2020; Fu et al., 2020; Ramond et al., 2020a; Shin et al., 2020; Tattikota et al., 2020). Functional distinctions are driven by developmental stage (Cattenoz et al., 2020; Cho et al., 2020), injury, and immune challenge (Coates et al., 2020; Fu et al., 2020; Ramond et al., 2020a; Tattikota et al., 2020).

Additional research will link many of the observed cellular differences between macrophage populations with their roles in specific organ systems, as exemplified in this review. A particular gap in knowledge is how microenvironmental cues shape the molecular and phenotypic status of macrophages to adapt to their distinct tasks, and how interactions between immune cell types and lineages may affect their response. In vertebrates, organ microenvironments regulate tissue macrophages through local production of CSF1, IL-34, and paracrine and autocrine TGF-β (Lavin et al., 2015). However, findings from Drosophila (Makhijani et al., 2011, 2017; Gold and Brückner, 2014, 2015; Corcoran et al., 2020) suggest the existence of more elaborate regulatory systems also in vertebrates, comprising, e.g., peripheral innervation or cell based environmental sensors that regulate local tissue macrophage populations through molecular signals. Understanding cellular and molecular principles of organ-macrophage communication in Drosophila will further broaden our insights into vertebrate macrophage systems, and contribute to approaches that harness the power of macrophages in regenerative medicine and immunology.
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The cellular formation of reactive oxygen species (ROS) represents an evolutionary ancient antimicrobial defense system against microorganisms. The NADPH oxidases (NOX), which are predominantly localized to endosomes, and the electron transport chain in mitochondria are the major sources of ROS. Like any powerful immunological process, ROS formation has costs, in particular collateral tissue damage of the host. Moreover, microorganisms have developed defense mechanisms against ROS, an example for an arms race between species. Thus, although NOX orthologs have been identified in organisms as diverse as plants, fruit flies, rodents, and humans, ROS functions have developed and diversified to affect a multitude of cellular properties, i.e., far beyond direct antimicrobial activity. Here, we focus on the development of NOX in phagocytic cells, where the so-called respiratory burst in phagolysosomes contributes to the elimination of ingested microorganisms. Yet, NOX participates in cellular signaling in a cell-intrinsic and -extrinsic manner, e.g., via the release of ROS into the extracellular space. Accordingly, in humans, the inherited deficiency of NOX components is characterized by infections with bacteria and fungi and a seemingly independently dysregulated inflammatory response. Since ROS have both antimicrobial and immunomodulatory properties, their tight regulation in space and time is required for an efficient and well-balanced immune response, which allows for the reestablishment of tissue homeostasis. In addition, distinct NOX homologs expressed by non-phagocytic cells and mitochondrial ROS are interlinked with phagocytic NOX functions and thus affect the overall redox state of the tissue and the cellular activity in a complex fashion. Overall, the systematic and comparative analysis of cellular ROS functions in organisms of lower complexity provides clues for understanding the contribution of ROS and ROS deficiency to human health and disease.
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INTRODUCTION

The biological system involving the formation and scavenging of reactive oxygen species (ROS) emerged more than 3 billion years ago, together with the appearance of photosynthetic organisms (Inupakutika et al., 2016). Upon discovery of ROS, their radical function was primarily considered to damage exposed cells and tissue structures. Later, it became clear that ROS are versatile in function and integral to cellular signaling in most organisms. NADPH oxidases (NOX), as major sources of ROS, play an important role in this context. Within this group, the phagocyte NADPH oxidase (NOX2) is the best-studied member. It generates large amounts of ROS in phagosomes, which function to kill ingested microbes in a direct or indirect fashion. However, homologs exist in nearly all cells of plant or animal origin (Nauseef, 2019), suggesting functions of NOX beyond the mammalian immune system.

In this review, we focus on the role of NOX and ROS signaling in professional phagocytes, where ROS have mainly been studied for their role in pathogen elimination. Yet, NOX2 can also be recruited to the plasma membrane of phagocytes leading to the generation of extracellular H2O2 (Aviello and Knaus, 2018), and NOX2-derived ROS participate in major signaling pathways, both within the individual phagocyte and surrounding cells. Additionally, mitochondria contribute substantial amounts of ROS during oxidative phosphorylation (Hamanaka and Chandel, 2010). These pathways require tight regulation, as excessive ROS produced by phagocytes may cause oxidative stress and damage in the tissues and contribute to e.g., neurodegeneration (Wu et al., 2006). A dysfunction of phagocyte NOX, on the other hand, results in chronic granulomatous disease (CGD) in humans, characterized by recurrent bacterial and fungal infections as well as granuloma formation and hyperinflammation.

Due to the different sources and potential paracrine effects, studying the effect of ROS on certain cell types and tissues is rather complex. Thus, the analysis of organisms of lower complexity can provide valuable insights. While mammals possess different types of phagocytes, i.e., granulocytes, dendritic cells, macrophages, and monocytes, the cellular immune system of insects consists only of one phagocytic cell type called hemocyte. Hemocytes can either circulate in the hemolymph or adhere to certain tissues and recognize and phagocytose foreign material, resulting in assembly of NOX and superoxide production (Browne et al., 2013). In zebrafish, on the other hand, macrophages and neutrophils can be distinguished, which share multiple characteristics with the mammalian counterparts (Linnerz and Hall, 2020). Here, we will compare ROS formation and function in phagocytes of different species and discuss the impact of phagocyte-derived ROS on cellular and tissular signaling.



ROS FORMATION IN DIFFERENT SPECIES


The Evolution of NADPH Oxidase Enzymes

NOX enzymes emerged at the transition from unicellular to multicellular life (Bedard et al., 2007) and thus exist in fungi, plants, and animals. The mammalian NOX family currently contains seven members, i.e., NOX1–5 and the dual oxidases DUOX1 and 2. The enzyme evolved early in eukaryotic development. It was postulated that the ancestral type was similar to NOX1–4 (Kawahara et al., 2007). NOX1–3 and NOX4, on the other hand, emerged from a common branch, as both of these subgroups depend on the presence of p22phox to be activated or stable (Kawahara et al., 2007) (Figure 1).
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FIGURE 1. Structure and hypothetical evolution of NOX isoforms. The ancestral NOX enzyme consists of a conserved C-terminal core region including six transmembrane a-helices, two heme (Fe) groups, and a NADPH-binding cytoplasmic C-terminal domain. The conserved gp91phox subunit transfers electrons from NADPH to reduce oxygen (O2) to superoxide anion (O2−). Later NOX isoforms acquired dependence on the activating subunit p22phox or calcium. NOX1–3 and NOX4 emerged from a common branch, as both of these subgroups depend on the presence of the p22phox subunit with two transmembrane a-helices. However, NOX4 solely relies on p22phox, while NOX1–3 require additional cytoplasmic subunits. Mammalian NOX2 additionally relies on the cytoplasmic regulators p47phox, p67phox, p40phox, and Rac. In contrast, NOX1 is regulated by NOXO1 and NOXA1. NOXO1 also contributes to NOX3 activation. NOX5 evolved from ancestral NOX through the acquisition of four EF hand motifs containing a Ca2+-binding domain, which enables activation by cytosolic calcium rather than other subunits. DUOX1/2 enzymes then emerged from NOX5 isoforms by the addition of a peroxidase domain in the N-terminal region enabling H2O2 production (Bedard et al., 2007; Kawahara et al., 2007).


The first mammalian NADPH oxidase to be discovered was NOX2, the phagocyte NADPH oxidase. The active form comprises six subunits: the integral membrane units gp91phox and p22phox and the regulatory subunits p40phox, p47phox, and p67phox as well as the GTPase Rac, which are localized in the cytoplasm. The other NOX isoforms were discovered later and vary at the molecular level (Panday et al., 2015). In NOX1, 3, and 4, gp91phox homologs form together with p22phox the flavocytochrome b558, which facilitates the transfer of electrons from NADPH to reduce O2 to O2–. NOX1 additionally recruits Nox organizing protein 1 (NOXO1) and NOX activator 1 (NOXA1), which are homologs of p47phox and p67phox, respectively (Panday et al., 2015). In contrast, the activation of NOX5 and DUOX1 and 2 is mediated via Ca2+ and does not rely on regulatory subunits.

NOX1 is widely expressed in different cell types, with particularly high expression in colonic epithelial cells (Szanto et al., 2005) and endothelial cells of the colon, and vascular smooth muscles (Hanna et al., 2004). NOX2 is predominantly expressed in phagocytes, with lower expression in vascular smooth muscle cells (Briones et al., 2011) and human endothelial cells (Buul et al., 2005). It is generally accepted to be the major ROS source in humans (Lam et al., 2010) and it is expressed in all metazoan organisms, except for nematodes and arthropodes (Sumimoto, 2008). NOX2 is the most stringently conserved NOX enzyme among vertebrates (Kawahara et al., 2007). NOX3 was detected in the inner ear of mice (Bánfi et al., 2004) and is primarily expressed in fetal tissues (Cheng et al., 2001). It is not present in frog, zebrafish, and teleost fish, which led to the conclusion that NOX3 evolved after the emergence of fish and amphibians (Kawahara et al., 2007). NOX4 is expressed in fetal tissues and the kidney (Cheng et al., 2001). It is a main NOX isoform in non-phagocytic cells, where it is located in the endoplasmic reticulum (Chen et al., 2008). Finally, NOX5 evolved from NOX1-4 through the acquisition of a Ca2+-binding EF hand motif, which enables activation by cytosolic calcium (Bedard et al., 2007; Kawahara et al., 2007; Touyz et al., 2019) (Figure 1). These Ca2+-binding motifs evolved early during evolution, as NOX5-like isoforms are also found in protists and plants, whereas insects, nematodes, and rodents do not express NOX5 (Bedard et al., 2007; Kawahara et al., 2007). In humans, NOX5 is expressed in lymphoid organs, testis, and spleen (Touyz et al., 2019).

DUOX1 and DUOX2 enzymes emerged from NOX5 by the addition of a peroxidase homology domain (Kawahara et al., 2007; Touyz et al., 2019). DUOX enzymes were first described to be involved in thyroid hormone biosynthesis as a source of hydrogen peroxide (Dupuy et al., 1999). This is in contrast to the other NOX family members that produce only superoxide. In addition to mammals, peroxidase activity of DUOX has been shown in the nematode Caenorhabditis elegans (Meitzler and Ortiz de Montellano, 2009; Morand et al., 2009). In humans, DUOX1 is expressed in the lung, salivary glands, pancreas, placenta, and testis (Edens et al., 2001), whereas DUOX2 is expressed in the trachea, stomach, colon, and rectum (Edens et al., 2001; Geiszt et al., 2003). In polarized cells, DUOX localizes to the apical plasma membrane (El Hassani et al., 2005; Forteza et al., 2005) and is involved in antimicrobial defense via hydrogen peroxide production in secretory glands and on mucosal surfaces (Geiszt et al., 2003).



NOX in Phagocytes Across Different Species

NADPH oxidases family members fulfill distinct roles in various species. In the following, we will discuss the expression patterns of NOX orthologs across common model organisms to resolve the diverse function of these enzymes in phagocytes.


Nematodes

The nematode C. elegans is a powerful model organism to study the conserved host innate immune mechanisms, given that its genome was the first one to be entirely sequenced, its easy culturability under laboratory conditions, and the existence of conserved host–microbe interactions (Kumar et al., 2020). The NADPH oxidases in C. elegans, termed Ce-DUOX, consists of a gp91phox homology region, and a peroxidase homology domain (Edens et al., 2001). The peroxidase domain forms two bonds with heme that have a catalytic function (Meitzler and Ortiz de Montellano, 2009). Ce-DUOX1 plays imperative roles in the protection against pathogens, e.g., Enterococcus faecalis (Chávez et al., 2007,2009) and Candida albicans (van der Hoeven et al., 2015). Less Ce-DUOX expression leads to decreased ROS production and increases susceptibility to E. faecalis (Chávez et al., 2009). ROS production activates SKN-1, an ortholog of the mammalian NRF transcription factor family, via p38 MAPK signaling (Van Der Hoeven et al., 2011).



Zebrafish

The study of zebrafish has provided new insights due to the availability of transgenic models of innate immunity disorders, combined with superior opportunities of in vivo imaging, given the transparency of the larvae (Harvie and Huttenlocher, 2015; Masud et al., 2019). Zebrafish express NOX1, NOX2, NOX4, NOX5, and a single isoform of DUOX (Kawahara et al., 2007). They possess all innate immune cell types and exhibit a similar functional diversity in phagocytes as mammals (Linnerz and Hall, 2020). NOX2 is expressed and functioning in both neutrophils and macrophages and transgenic lines are available to fluorescently label and genetically manipulate the specific subsets. As discussed below, p22phox-deficient larvae show increased susceptibility to fungal infection with excessive inflammation (Schoen et al., 2020).



Insects

Insects possess phagocytic cells, which engulf and kill pathogens under superoxide production (Browne et al., 2013). Plasmatocytes, the most common hemocytes, are macrophage-like cells similar to mammalian tissue macrophages (Buchon et al., 2014). In Lepidoptera, the cellular defense is mediated by plasmatocytes and granular cells, while in Drosophila, plasmatocytes and lamellocytes are key players (Browne et al., 2013). However, single-cell sequencing recently indicated that multiple populations and states of hemocytes exist (Tattikota et al., 2020), suggesting further functional diversity.

Drosophila has proven to be highly useful for studying the evolutionarily conserved innate immune system. This particularly concerns the gastrointestinal tract given the similarity to mammalian intestinal physiology and the less complex microbiota profile (Broderick and Lemaitre, 2012; Wang et al., 2014; Liu et al., 2017; Trinder et al., 2017). Gut infection in Drosophila induces rapid ROS production (Ha et al., 2005b). The two NADPH oxidase enzymes in Drosophila, which control intestinal microbes, are DUOX and NOX (Ha et al., 2005a). Microbiota-derived lactate leads to the activation of intestinal NOX (Iatsenko et al., 2018), while DUOX is activated through pathogen-derived uracil (Lee et al., 2013). It was shown that the two isoforms are present in different gut regions of Drosophila (Dutta et al., 2015; Iatsenko et al., 2018). Presumably, the two oxidase enzymes have distinct functions due to the different roles of lactate and uracil in host metabolism. In the intestine, DUOX-derived ROS are mainly involved in host defense, and regeneration, while NOX-derived ROS mediate epithelial renewal (Iatsenko et al., 2018).

Macrophage-like plasmatocytes are involved in the phagocytosis and encapsulation of pathogens (Fauvarque and Williams, 2011). Upon infection, a biphasic ROS response occurs (Myers et al., 2018). Initially, upon stimulation, all hemocytes, including non-phagocytic prohemocytes and crystal cells, mount a transient ROS response, which, in turn, influences plasmatocyte activation. Subsequently, after bacterial uptake, a strong ROS signal can be detected in phagocytes. The ROS responses in Drosophila are thus distinct in different cell types, with respect to timing, activation mechanisms, and functions. Potentially, the rapid ROS pulse is produced by mitochondria, and the later ROS response by the NADPH oxidase (Myers et al., 2018). However, further investigations are required to fully comprehend the mechanisms of these two ROS responses and their cell-type-specific effects. While regulatory NOX subunits were not found in Drosophila (Kawahara and Lambeth, 2007; Sumimoto, 2008), hemocytes of the Lepidopteran species Galleria mellonella contain proteins homologous to p67phox and p47phox, which translocate upon PMA stimulation (Bergin et al., 2005; Renwick et al., 2007).



Mammals

Most mammalian species express seven NOX isoforms: NOX1–5 and DUOX1–2. Rodents are an exception, as they do not possess NOX5 (Sumimoto, 2008). NOX2 is expressed in mononuclear phagocytes as well as all three types of granulocytes, i.e., neutrophils, eosinophils, and basophils (Buvelot et al., 2016). Phagocytes can release ROS both into the phagosome and the extracellular space due to expression of NOX2 on both the phagosomal and the plasma membrane, while eosinophils express it only on the plasma membrane (Holmdahl et al., 2016). B lymphocytes also express NOX2, albeit at lower levels (Holmdahl et al., 2016).

Similar gene loci and protein sizes for the different subunits of NOX2 have been identified in humans and mice. The Cybb gene that encodes gp91phox is localized on chromosome Xp21.1. The molecular size of the gp91phox protein in humans and rodents is similar, approximately 65.3 kDa (Lambeth et al., 2000). In humans, the chromosomal position of the Ncf1 gene, which encodes p47phox, is 7q11, whereas in mice, it resides in the distal region of chromosome 5, in a region of high homology to human 7q11. While the mouse gene shows a reduced size, the number of exons and introns are conserved and exons exhibit a high degree of sequence homology (DeSilva et al., 2000).



Activation of Phagocyte NOX

The activation of the mammalian phagocyte NOX is tightly regulated and predominantly depends on the engagement of surface receptors by dedicated ligands. Subsequent to their activation, enzymatic subunits assemble at the membrane (Figure 2). The gp91phox subunit provides a conserved electron transportation region and NADPH and FAD binding sites. It forms, together with p22phox, the catalytic core, a non-covalent heterodimer that resides at phagosomal, granule, and the plasma membrane. The regulatory subunits p67phox, p47phox, and p40phox reside in the cytoplasm as complex. Upon stimulation, p47phox undergoes phosphorylation, and the complex translocates to the membrane along with the small GTPase Rac2 in order to activate flavocytochrome b558 (Lambeth, 2004; Nauseef, 2004; Sumimoto et al., 2005). The underlying molecular events have recently been reviewed in detail (Brandes et al., 2014; Nguyen et al., 2017; Belambri et al., 2018).
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FIGURE 2. Activation and assembly of mammalian NOX2. NOX2 consists of the cytosolic components p67phox, p47phox, p40phox, Rac2, and the integral membrane subunits gp91phox and p22phox. Upon cell stimulation, the cytosolic subunits translocate to the membranes to form an active complex with gp91phox and p22phox. Meanwhile, Rac exchanges GDP to GTP, and dissociates from Rho-GDI. In the resting state, the p47phox-SH3 tandem domain interacts with AIR keeping p47phox in an inactive conformation (Belambri et al., 2018). Cell stimulation induces phosphorylation of AIR, releasing the interactive domains, i.e., SH3, PX, and PRR, which mediate oxidase assembly. The PRR of p47phox binds to the SH3 region of p67phox, while p67phox links with p40phox through their PB1 domains. The p47phox-SH3 regions then bind to the p22phox-PRR domains promoting p67phox interaction with gp91phox and moving p40phox-PX domains in close proximity to the membrane. Activated NOX2 uses cytosolic NADPH to induce oxygen reduction and superoxide anion (O2⋅-) generation. Abbreviations: SH3, Src homology 3 (SH3);, PX, phox homology (PX);, AIR, auto-inhibitory region (AIR);, PRR, proline-rich region (PRR);, TPR, tetratricopeptide-rich regions; PB1, phox and Bem1 domain; and AD, activation domain.


Some cell surface receptors, including Toll-like receptors (TLRs), G-protein-coupled receptors (GPCRs), and TNF receptors (TNFRs), can prime the phagocytes for NOX2 activation (Nguyen et al., 2017). Priming may include conformational changes or partial phosphorylation of the regulatory subunits, which renders the cells more susceptible to a secondary stimulus but does not lead to superoxide production. Stimulation of other receptors, including Fc and integrin receptors, and the GPCR recognizing N-Formylmethionine-leucyl-phenylalanine (fMLP) result in direct activation of NOX2 (Nguyen et al., 2017). Their interaction with enzymes such as phospholipase C leads to the activation of protein kinase C (PKC) family members, which phosphorylate the cytosolic subunits of NOX2. PMA, on the other hand, penetrates the plasma membrane and directly induces PKCα and β activation and phosphorylation of p47phox (Fontayne et al., 2002). The p47phox subunit harbors a tandem Src homology 3 (SH3), an auto-inhibitory region (AIR), and a proline-rich region (PRR) at the C-terminus (Figure 2). A phosphoinositide-interacting PX domain in the N-terminus mediates binding to phosphoinositides [PI(3,4)P2] of the plasma membrane (Hiroaki et al., 2001). In the cytoplasm of resting phagocytes, the SH3 domains are blocked due to the intramolecular interaction with AIR. Upon stimulation, phosphorylation leads to the release of the PRR/AIR domain and the open structure can bind to the other subunits (Yuzawa et al., 2004; Minakami and Sumimoto, 2006). The SH3 domain then binds to p22phox of flavocytochrome b558 and the PX domain to the plasma membrane, bringing p67phox in close proximity to Nox2. The p67phox subunit contains an activation domain in the center, which subsequently activates NOX2.

The third component of the cytosolic complex, p40phox, contains a PX domain that mediates binding to phosphatidylinositol-3-phosphate [PI(3)P] in phagosomal membranes (Suh et al., 2006). This binding domain was shown to be essential for oxidase activation in response to fungal particles in human, but not mouse neutrophils (Bagaitkar et al., 2012). Consequently, mouse neutrophils do not depend on p40phox for NOX activation. In addition, p40phox-deficient patients show a selective loss of NOX activity in response to ingested particles in neutrophils, but not mononuclear phagocytes (van de Geer et al., 2018). Accordingly, mouse macrophages and monocytes may also be capable of signaling independently of p40phox. Finally, Rac, a member of the Rho family of small GTPases, critically regulates the oxidase activity (Miyano and Sumimoto, 2012). The isoform Rac1 is ubiquitously expressed, while Rac2 is only expressed in hematopoietic cells where it is mainly responsible for NOX2 activation (Panday et al., 2015). The inactive form is bound to GDP and Rho-GDI, the GDP dissociation inhibitor. In response to stimulation, GDP is converted to GTP, mediating dissociation of Rho-GDI and Rac translocation.



ROS as Signaling Molecules

Reactive oxygen species are involved in a range of cellular and tissue responses. Additionally, ROS derived from different NOX influence distinct downstream signaling pathways, which may be the reason for co-expression of more than one isoform of NOX in specific cell types (Dworakowski et al., 2006). Upon NOX assembly, electrons are shuttled from cytosolic NADPH to FAD to membrane-embedded heme groups, which then reduce molecular oxygen to superoxide (O2–). The superoxide anion is a highly reactive “non-diffusible” state that is spontaneously or enzymatically converted to hydrogen peroxide (H2O2). In granulocytes, H2O2 is rapidly transformed to bactericidal hypochlorous acid (HOCl) via the action of the granule-contained myeloperoxidase (Chen et al., 2011; Nguyen et al., 2017). H2O2, on the other hand, is a stable “diffusible” oxidant, which may induce cytoplasmic signaling molecules (Gough and Cotter, 2011).

Reactive oxygen species play a role in various signaling pathways as second messenger. They can influence MAPK cascades and calcium signaling via oxidation of signaling intermediates (Zhang et al., 2016), and may affect cellular proliferation as well as cell death (Lambeth, 2004; Morgan and Liu, 2010; Schenk and Fulda, 2015). ROS can regulate actin and microtubule dynamics due to the oxidation of certain amino acid residues in microtubules and actin microfilaments (Wilson and González-Billault, 2015). H2O2 can promote cell migration through the regulation of actin dynamics and cytoskeleton organization (Kim et al., 2009). The release of DUOX-derived H2O2 by the zebrafish epithelium attracts leukocytes to the wound (Niethammer et al., 2009). In human, ROS are critical for wound healing via induction of thrombus formation; recruitment of peripheral blood cells, endothelial cells, keratinocytes, and fibroblasts; and promotion of cell division (Lambeth, 2004; Dunnill et al., 2017). Generally, the effects of ROS strongly depend on the amount, source, reactivity, and half-life of the produced ROS and the cellular compartment of its production. In the following, we will thus focus on effects of ROS generated by phagocytes and emphasize on the source of ROS wherever possible, e.g., through the use of genetically deficient animals or patients with CGD, where monogenetic aberrations abrogate ROS formation (see below).



Expression of NOX Homologs in Phagocytes

Apart from NOX2 expression in phagocytes, it has been reported that NOX1 (Maitra et al., 2009), NOX4 (Lee et al., 2010), and NOX5 (Marzaioli et al., 2017) are also expressed in phagocytes. In murine macrophages, stimulation with LPS leads to activation of NOX1. IRAK-1, downstream intracellular signaling components of TLR4, induces the transcription of NOX1 via NF-κB and other related transcription factors (Maitra et al., 2009). In addition, NOX1 was shown to play a role together with NOX2 in M2 polarization and macrophage differentiation by induction of the JNK and ERK signaling pathways (Xu et al., 2016). NOX4, on the other hand, localizes to the endoplasmic reticulum and mediates intracellular ROS generation in human monocytes and mature macrophages (Lee et al., 2010). Furthermore, NOX4 contributes to the polarization of macrophages. It appears to have an anti-inflammatory role in macrophages, as NOX4 deficiency favors the polarization of proinflammatory human macrophages and promotes NF-κB activity (Helfinger et al., 2019). Furthermore, expression of NOX1 (Chéret et al., 2008) and NOX4 (Li et al., 2009) was shown in microglia.

Finally, NOX5 expression was detected in the THP-1 cell line and primary CD14+ human monocytes (Manea et al., 2015). Immunohistochemical staining data confirmed the presence of the NOX5 in CD68+ macrophages. A recent publication demonstrated that NOX5 expression is strongly increased during the differentiation of monocytes into dendritic cells (DCs), but not macrophages (Marzaioli et al., 2017). Additionally, NOX5 expression was detected in circulating myeloid DC. Mechanistically, the NOX5–p22phox complex mediates DC differentiation from monocytes through regulation of the JAK/STAT/MAPK and NF-κB pathways (Marzaioli et al., 2017). Collectively, these studies demonstrate that phagocytes may express other NOX isoforms except for NOX2 at certain developmental stages and after polarization. The relative contribution of these alternative ROS sources remains unclear at this stage. However, they should be considered in situations when regulatory subunits are lost, such as p22phox with functions in several isoforms, or general ROS inhibitors are used for investigations in phagocytes.



NOX-Independent ROS Formation by Phagocytes

Next to NOX, cell organelles may contribute to ROS formation in phagocytes. Mitochondria are the main ROS source besides NOX in mammals, while the endoplasmic reticulum and peroxisomes are less important. In mitochondria, superoxide anions are produced during oxidative phosphorylation by reduction of molecular oxygen, which are further converted to H2O2 by superoxide dismutases (Hamanaka and Chandel, 2010). Mitochondria can produce ROS (mtROS) in a TLR-dependent fashion and are recruited to macrophage phagosomes (West et al., 2011). MtROS-derived H2O2 may then be directly delivered to bacteria-containing phagosomes via mitochondria-derived vesicles (Abuaita et al., 2018). These mechanisms can directly contribute to bactericidal activity in macrophages. In zebrafish, it was shown that macrophages use fatty acid β-oxidation in infection to produce mtROS, which is regulated via Irg1 (immunoresponsive gene 1) (Hall et al., 2013). For Drosophila, the impact of mtROS on the innate immune response is less clear. Biphasic ROS production after bacterial infection may suggest that hemocytes produce mitochondrial and enzyme-derived ROS upon infection as well (Myers et al., 2018). While macrophages can produce high amounts of mtROS, especially after stimulation, neutrophils contain only low numbers of active mitochondria (Dupre-Crochet et al., 2013).

A cross-talk between NOXs-derived ROS and mitochondria, which was termed “ROS-induced ROS release,” may amplify ROS generation at different subcellular compartments (Fukai and Ushio-Fukai, 2020). NOX4-derived H2O2 may augment mtROS, which could be limited by NOX2 siRNA (Kim et al., 2017). It was thus suggested that NOX2 can sense H2O2 and regulate mtROS generation (Kim et al., 2017). In addition, NOX-derived H2O2 of phagocytes can stimulate NOX in non-phagocytic cell types in a positive feedback loop to generate more oxidant species, which may be involved in vascular cell injury (Li et al., 2001). In addition to cell organelles, ROS may be produced in small amounts as a by-product in other enzymatic reactions, e.g., in the cytoplasm. The different sources of ROS were reviewed in more detail elsewhere (Dupre-Crochet et al., 2013).



FUNCTIONAL ROLES OF NOX-DERIVED OXIDANTS IN PHAGOCYTES


Myeloid Lineage-Specific Aspects

Phagocyte lineages differ in NOX2 expression and activity. After activation, neutrophils produce more ROS compared to monocytes and macrophages (Nauseef, 2019). DCs express little NOX2 and accordingly less ROS after activation (Mantegazza et al., 2008). In neutrophils, generation of H2O2 in the phagosomes activates myeloperoxidase in primary granules, which catalyzes the production of the highly antimicrobial and oxidative hypochlorous acid (Nguyen et al., 2017; Nauseef, 2019). Moreover, neutrophils are recruited to wounds via tissue-derived H2O2 and the myeloperoxidase was shown to clear H2O2 at the wound site in zebrafish (Yoo et al., 2011; Pase et al., 2012; Linnerz and Hall, 2020). Additionally, NOX2 activates granular proteases and triggers the generation of neutrophil extracellular traps (NETs) (Singel and Segal, 2016; Nguyen et al., 2017). These filamentous protein and chromatin structures are released extracellularly and aid in killing extracellular bacteria. Neutrophils of CGD patients are incapable of NETosis, which was restored by gene therapy in a CGD patient (Bianchi et al., 2009). NET formation was also absent in lungs of p47phox-deficient mice after Aspergillus infection (Röhm et al., 2014). As excessive neutrophil activity after infection may cause tissue damage, cell death of activated neutrophils is physiologically important and tightly regulated. In the context of infection, this process, termed pathogen-induced cell death, depends on NOX activity (Lawrence et al., 2020). Impaired NETosis and reduced efferocytosis may thus contribute to the overall hyperinflammatory phenotype in CGD patients. As neutrophils contain only few mitochondria, the impact of mtROS is considered to be low (Dupre-Crochet et al., 2013).

Mononuclear phagocytes, on the other hand, do not express myeloperoxidase and thus contain more H2O2 in their phagosomes (Nauseef, 2019). In addition, mitochondrial H2O2 is delivered to phagosomes (Abuaita et al., 2018). As ROS production is a hallmark of classically activated M1 macrophages, ROS are essential for induction and function of the M1 phenotype (Mills and O’Neill, 2016; Rendra et al., 2019). However, it was found that superoxide is also produced during alternative macrophage activation and that the inhibition of ROS blocks the polarization to M2 macrophages (Zhang et al., 2013). Yet, since the inhibitors, which were employed in this study, also interrupted mitochondrial ROS, the source of ROS remained unclear. Another study found that M2 polarization is impaired in macrophages with a combined deficiency in NOX1 and 2, which was connected to wound healing deficits (Xu et al., 2016). Overall, it is not yet clear how polarization of macrophages is influenced by ROS, as it likely depends on several parameters including phagocyte differentiation stage and source of ROS. Similarly, it is not understood how ROS affect the differentiation of tissue macrophages. At least in the murine brain, NOX2 is activated during the development of microglia, the resident macrophages, and promotes their infiltration into the subventricular zone of the cerebral cortex (Lelli et al., 2013).

P47-deficient mice, which were complemented with a functional allele of p47 only in CD68+ cells (i.e., monocytes and macrophages), were shown to be more resistant to staphylococcal and Aspergillus infection, indicating that NOX2 in mononuclear phagocytes is crucial in the systemic defense against bacteria and fungi (Pizzolla et al., 2012; Grimm et al., 2013). Moreover, patients with a macrophage-specific mutation in Cybb (gp91phox) are particularly prone to mycobacterial disease (Bustamante et al., 2011). In these patients, a germline mutation in the Cybb allele impairs NOX assembly and respiratory burst in macrophages, but not in monocytes and neutrophils. Accordingly, the assembly of NOX depends on cell-specific thresholds.

NOX2 is also expressed in DCs, albeit at lower levels. In these cells, the enzyme is recruited to early phagosomes where it utilizes protons for ROS production, thereby limiting acidification of the phagosomes. In the absence of NOX2, phagosomes of mouse DCs show decreased proteolysis and consequently degradation of antigen, resulting in impaired antigen cross-presentation skills (Savina et al., 2006; Rybicka et al., 2012). Cross-presentation of tumor antigens is also impaired in DCs from human CGD patients (Mantegazza et al., 2008). In contrast, the acidification of phagosomes of macrophages, which exhibit much higher NOX2 activity, is positively affected by ROS production (Bagaitkar et al., 2018). In efferocytosis, phagosomes of peritoneal macrophages of CGD mice showed delayed maturation and acidification, resulting in decelerated disposal of apoptotic cells (Bagaitkar et al., 2018). In addition, cross-presentation of antigens was increased in these cells. The opposed function of NOX2 in macrophages and DCs might relate to the higher expression of the V-ATPase and lysosomal proteases in macrophages.



Cell-Intrinsic Effects

The functions of NOX2 and of NOX2-derived oxidants can generally be subclassified in effects on the individual cell level and the population/tissue level. Effects due to autocrine signaling occur in the individual phagocyte after NOX2 activation.

Neutrophils of CGD patients show globally increased expression of proinflammatory mediators in steady state (Kobayashi et al., 2004). In response to toll-like receptor ligands, human and mouse leukocytes exhibit increased production of proinflammatory cytokines such as IL-6 and TNF along with elevated NF-κB activation (Bylund et al., 2007; Brown et al., 2008). Notably, increased expression of inflammatory cytokines has also been described in p22phox-deficient larvae of zebrafish in steady state as well as in response to fungal infection (Schoen et al., 2020). In the past, the activation of NOX2 was linked to the activation of the inflammasome, multimeric cytosolic pathogen sensors. According to some earlier studies, NOX2-derived ROS were described as essential second stimuli for the activation of the NLRP3 inflammasome (Dostert et al., 2008). However, it was later shown that the NLRP3 inflammasome does not depend on NOX1–4-derived ROS for its activation (van Bruggen et al., 2010), but instead on mitochondrial ROS (Zhou et al., 2011; Netea et al., 2015). On the contrary, monocytes from CGD patients exhibited increased caspase activation and IL-1β secretion in comparison to controls (Meissner et al., 2010; van de Veerdonk et al., 2010). de Luca et al. (2014) showed that macrophages from CGD mice and monocytes from CGD patients were deficient in autophagy, leading to increased IL-1β release after stimulation. Blockage of the IL-1β receptor limited inflammasome activation and restored autophagy, resulting in decreased neutrophil recruitment and amelioration of colitis in some CGD patients. Thus, NOX2 appears to be important for the negative regulation of IL-1β-dependent signaling. Moreover, NOX2-derived ROS are involved in the induction of a non-canonical autophagy pathway, called LC3-associated phagocytosis (LAP) (Huang et al., 2009; de Luca et al., 2014; Martinez et al., 2015). In LAP, components of the autophagy pathway, i.e., LC3, are targeted to phagosomal membranes, leading to efficient fusion with lysosomes and destruction of contained pathogens. Notably, this pathway is particularly important for the clearance of Aspergillus fumigatus, which often causes invasive infections in CGD patients.

Additionally, the hyperinflammatory phenotype in CGD has been linked to defective tryptophane metabolism, as the kynurenine pathway, the major pathway for tryptophane degradation, was supposedly dependent on superoxide (Romani et al., 2008). However, several later studies found tryptophan catabolism to be normal in NOX2-deficient patients and mice (De Ravin et al., 2010; Jürgens et al., 2010; Maghzal et al., 2014). The increased cytokine expression in response to stimuli in CGD was instead traced back to impaired activation of the nuclear factor erythroid 2-related factor 2 (Nrf2), a key redox-sensitive transcription factor (Segal et al., 2010). Nrf2 regulates oxidative stress pathways and acts anti-inflammatory by suppressing the transcription of proinflammatory cytokines (Kobayashi et al., 2016). Consequently, mononuclear cells from peripheral blood from CGD patients show reduced Nrf2 activity and increased NF-κB activation (Han et al., 2013; Singel and Segal, 2016). Furthermore, it was suggested that NOX2 deficiency promotes nuclear accumulation of thioredoxin-1, an antioxidant protein with a disulfide reductase activity (Trevelin et al., 2016). Thioredoxin-1 in turn contributes to the DNA binding of NF-κB subunits by posttranslational modification (Matthews et al., 1992; Trevelin et al., 2016; Muri et al., 2020). Thus, the activity of NOX2 may influence the NF-κB pathway via interaction with multiple nuclear proteins, ensuring the regulation of proinflammatory cytokines. These processes are largely conserved from zebrafish to mammals.

In general, ROS derived from mitochondria contribute to cellular signaling as well. MtROS contribute to proinflammatory cytokine secretion by disulfide linkage of the essential modulator of NF-κB NEMO (Herb et al., 2019) and stimulate the activation of the NLRP3 inflammasome (Zhou et al., 2011). Thus, the effect of ROS on cytokine secretion depends additionally on the cellular source and localization of ROS. In line with that, a recent study suggested that mtROS are elevated in CGD phagocytes, which paradoxically leads to oxidative stress and increased MAPK activation and may thus further contribute to production of proinflammatory cytokines (Sundqvist et al., 2017).



Cell-Extrinsic Effects

The assembly of NOX2 at the plasma membrane allows for the production of extracellular ROS intermediates (Nauseef, 2019). Production of extracellular H2O2 may thus affect cells of the surrounding tissue. In general, NOX2 is recognized to play an important role in the calibration of the immune response, i.e., to limit inflammatory responses after injury or infection (Singel and Segal, 2016). This effect may be achieved by dampening of the IL-1β response in macrophages, thereby leading to the recruitment of less neutrophils (de Luca et al., 2014). The effect of ROS also depends on the production site. Warnatsch et al. (2017) showed that neutrophils produced intracellular ROS in mice infected with small microbes, while ROS were secreted into the extracellular space in infection with large microbes such as filamentous fungi. Intracellular ROS suppressed IL-1β expression in these neutrophils, thus limiting recruitment of additional neutrophils, while extracellular ROS amplified IL-1β secretion and neutrophil clustering. Hence, the assembly of NOX2 on the phagosomal or the plasma membrane impacts on the outcome of the entire tissue reaction.

Secondly, the production of large quantities of superoxide during the respiratory burst may lead to the depletion of oxygen in the surrounding tissue, e.g., in the context of acute colitis. Transmigrating neutrophils rapidly deplete microenvironmental oxygen in the lamina propria, leading to stabilization of the hypoxia-inducible factor HIF and HIF-dependent responses in intestinal epithelial cells (Campbell et al., 2014). Furthermore, gp91phox-deficient mice showed increased infiltration of granulocytes, but diminished hypoxia and worsened colitis. Thus, the NOX2-dependent modulation of extracellular oxygen may be protective in colitis, due to activation of hypoxic responses in neighboring cells, highlighting the complexity of ROS signaling on the tissular level.

Recently, a paracrine effect of NOX2 was shown to facilitate interaction between neutrophils and macrophages after liver injury (Yang et al., 2019). Genetic deficiency in gp91phox delayed liver recovery, due to a failure of pro-inflammatory Ly6ChiCX3CR1low macrophages to convert into pro-resolving Ly6ClowCX3CR1high macrophages. Adoptive transfer of WT, but not gp91phox-deficient neutrophils, rescued the conversion in neutropenic mice. Thus, NOX2-derived ROS from neutrophils appear to shape the phenotype of tissue macrophages and thereby orchestrate tissue repair. A ROS-dependent bidirectional communication was also observed between hemocytes, the macrophages of Drosophila, and epithelial cells (Fogarty et al., 2016). Extracellular DUOX-derived ROS formed by epithelial cells led to macrophage activation, which in turn triggered apoptosis-induced proliferation in epithelial cells via TNF. Accordingly, the diffusion of ROS and in particular H2O2 within the tissue or even across membranes (Nauseef, 2019; Yang et al., 2019) may influence signaling and cellular processes of other cell types within the same tissue or even across membranes in distant tissues. In Drosophila, increased levels of ROS sensitize hematopoietic progenitors to differentiate into mature innate blood cells (Owusu-Ansah and Banerjee, 2009), and after parasite infection, induction of ROS in hematopoietic cells leads to secretion of epidermal growth-factor like cytokine resulting in differentiation of specialized innate immune cells (Sinenko et al., 2012). Consistent with this model, hematopoietic stem cells were found to be diminished in bone marrow and peripheral blood of CGD patients (Weisser et al., 2016).

NOX2 might also affect adaptive immunity. A type 1 interferon signature was found in CGD mice and patients, accompanied by the presence of autoantibodies, pointing toward autoimmune features of NOX2 deficiency (Kelkka et al., 2014). Notably, CGD patients exhibit an increased frequency of autoimmune diseases (Schäppi M. G. et al., 2008). Female carriers of X-linked CGD with varying degrees of inactivation in the mutated X chromosome also show autoimmune manifestations, which, in some cases, included lupus-like symptoms (Cale et al., 2007; Marciano et al., 2018). In mice, gp91phox deficiency led to a heightened susceptibility for autoimmune arthritis (George-Chandy et al., 2008). Generally, the increased expression of proinflammatory cytokines may enhance T cell activation by antigen-presenting cells (George-Chandy et al., 2008). In addition, NOX2-deficient rat and human macrophages are less capable to induce regulatory T cells (Kraaij et al., 2010). For more details on the impact of ROS on lymphocyte signaling, we refer the reader to recent reviews (Cachat et al., 2015; Holmdahl et al., 2016). Altogether, NOX2-derived ROS may shape the regulation of the adaptive immune response and play a role in the resolution of the inflammatory response. The mechanisms discussed in the previous paragraph, such as enhanced secretion of proinflammatory mediators and decelerated disposal of apoptotic cells may contribute to this effect.



PHAGOCYTE-DERIVED ROS IN HEALTH AND DISEASE

In general, ROS are recognized to play a role in physiological as well as pathological states and the literature covering this subject has increased extensively. While NOX-derived ROS are important for basic physiological functions such as the regulation of blood pressure and gut motility, excess ROS may promote cellular stress and contribute to the development of autoimmunity or cancer (Sorescu et al., 2002; Block and Gorin, 2012; Gray Stephen et al., 2013; Nayernia et al., 2013; Panday et al., 2015; Konaté et al., 2020). As an example, it was found that in acute myeloid leukemia, NOX-derived ROS promote proliferation of leukemic cells (Hole et al., 2013). For the present review, we will finally focus on two aspects directly related to the expression of NOX in phagocytes, i.e., the interplay with the microbiota and the clinical perspective of CGD.


The Specific Role of NOX in the Cross-Talk With the Microbiota

In steady state, NOX-derived ROS are involved in the interspecies cross-talk with the individual microbiota. This has been exemplified in Drosophila, which exhibits a low degree of bacterial diversity in the microbiota (Wong et al., 2011). Both in fruit flies and mice, commensal bacteria induce NOX1-dependent ROS and thereby stimulate the proliferation of intestinal stem cells (Jones et al., 2013). In contrast, an overgrowth of commensals with increased formation of lactic acid induces excessive intestinal NOX activity and ROS production, and, as a result, intestinal damage in Drosophila (Iatsenko et al., 2018). The underlying mechanism is the oxidation of lactate by the host lactate dehydrogenase, which produces NADH for NOX, uncovering a metabolic cross-talk between microbiota and host with contribution by ROS. Analogous mechanisms in mammals involve symbionts inducing ROS generation by intestinal epithelial cells, thereby impacting on host physiology (Jones and Neish, 2017). In contrast, few studies have investigated the direct impact of phagocytic NOX on the host–microbiome interaction. In p47phox-deficient mice, susceptibility for DSS colitis was reversed by standardizing the microflora from birth on (Falcone et al., 2016), indicating that impaired NOX2 activity might have a lasting impact on the microbiome composition. In case the microbiome is disturbed by antibiotics, NOX2 is required for host survival in a Citrobacter rodentium infection model (Pircalabioru et al., 2016; Knaus et al., 2017). Thus, the commensal microbiota may act in concert with NOX2 to protect the intestine from the invasion of virulent microorganisms.

In patients suffering from CGD, the spectrum of microbes causing infections is surprisingly narrow, indicating which pathogens are targeted in particular by NOX2. Patients frequently present with severe fungal infections, especially by Aspergillus spp., which also account for most infection-related deaths in CGD (Henriet et al., 2012; Marciano et al., 2015). Next to the prevalent A. fumigatus, Aspergillus nidans imposes a specific risk pathogen in CGD patients, which is uncommon in other immunodeficiencies (Henriet et al., 2012). Interestingly, zebrafish larvae with p22phox-deficiency are also more susceptible to Aspergillus nidulans infection with enhanced inflammation, which was attributed to both excessive neutrophil recruitment as well as fungal growth (Schoen et al., 2020). Potentially, increased inflammation caused by this normally avirulent fungus results in its fast clearance but, in case of CGD deficiency, leads to detrimental inflammatory damage to the host instead.

With regard to bacteria, Staphylococcus, Burkholderia, and Serratia are leading causes of infection in CGD (Marciano et al., 2015). Similarly, NOX2-deficient rodents show increased susceptibility to Staphylococcus aureus and Aspergillus (Pollock et al., 1995; Pizzolla et al., 2012; Grimm et al., 2013). In a cohort of 268 patients, about one third suffered from severe infections with S. aureus, which was isolated from lymph nodes and liver abscesses (Marciano et al., 2015). Notably, neutrophils of CGD patients show a decreased capacity to kill S. aureus but not Escherichia coli (Rosen and Michel, 1997). It is not entirely clear why NOX2 is particularly important in the defense against S. aureus, as the bacterium possesses multiple resistance mechanisms such as catalase and superoxide dismutase (Buvelot et al., 2016). Next to the direct killing capacity, ROS may directly modify staphylococcal gene regulation (Rothfork et al., 2004; Buvelot et al., 2016). On the other hand, the regulation of the immune response by NOX2, in particular the inflammatory response as discussed above, may be essential to eliminate S. aureus. Also in Aspergillus, antioxidant pathways may overcome direct damage by ROS (Lambou et al., 2010; Wiemann et al., 2017; Schoen et al., 2020). This demonstrates a large degree of adaptation by the pathogens, which are particularly affected by this host defense mechanism. Thus, next to direct damage of bacterial DNA or proteins, the control and regulation of the inflammatory response may be equally important in the containment of these pathogens.

Finally, CGD patients show an increased susceptibility for mycobacteria, i.e., Mycobacterium tuberculosis in endemic countries and Mycobacterium bovis (BCG) after vaccination (Deffert et al., 2014; Conti et al., 2016). As mentioned above, patients with a macrophage-specific mutation in Cybb are particularly prone to mycobacterial disease (Bustamante et al., 2011). P47phox-deficient mice also show increased growth of Mycobacterium tuberculosis in the lungs at early stages of pulmonary infection (Cooper et al., 2000). Moreover, NOX-dependent mechanisms are essential for neutrophil-mediated killing of Mycobacterium marinum in zebrafish larvae after granuloma formation (Yang et al., 2012). Thus, oxidative killing of mycobacteria is a conserved mechanism by which phagocytes protect their respective hosts.

In addition to monogenetic and deleterious aberrations, single-nucleotide polymorphisms and hypomorphic mutations in Nox subunit genes have been associated with increased risks for IBD (Dhillon et al., 2014; Aviello and Knaus, 2018). IBD, on the other hand, is often associated with dysbiosis. Yet, it is unclear if this is causal for or a result of increased inflammation. As almost every second CGD patient suffers from intestinal inflammation (Marks et al., 2009; Falcone et al., 2016), further research is needed on the role of NOX2 in intestinal integrity, in particular in terms of local immune homeostasis and the microbiota.



CGD: Clinics and Animal Models

Chronic granulomatous disease is an immunodeficiency disease caused by defects in any of the five structural components of the NOX enzyme, i.e., X-linked recessive mutations in Cybb (gp91phox), or autosomal recessive mutations in Cyba (p22phox), Ncf1 (p47phox), Ncf2 (p67phox), or Ncf4 (p40phox) (Kuhns et al., 2010; Arnold and Heimall, 2017; van de Geer et al., 2018). Gp91phox-deficient CGD is the most common and severe form of this disease in human (Kuhns et al., 2010). Gp91phox-deficient patients produce very low amounts of ROS, while neutrophils in patients with mutations in Ncf1 form higher amounts, leading to an overall increased survival rate. Recently, a novel cause for CGD was discovered in patients with a deficiency in the Cybc1 gene (Arnadottir et al., 2018; Thomas et al., 2019). Cybc1 encodes the ER-resident protein EROS (Essential for Reactive Oxygen Species), which is required for stable expression of the gp91phox and p22phox proteins and putatively acts as chaperone for the heterodimer in humans and mice (Thomas et al., 2017; Arnadottir et al., 2018).

The CGD incidence is between 1 in 200,000–250,000 newborns in Europe and the United States (Winkelstein et al., 2000; Arnold and Heimall, 2017). As described in the previous paragraph, invasive bacterial and fungal infections are pivotal contributors to morbidity and mortality in CGD patients. Bacterial infections typically affect the lungs, skin, liver, and lymph nodes (Arnold and Heimall, 2017). Dysregulated inflammation on the other hand most commonly affects the gastrointestinal tract, followed by lungs, urogenital tract, and eyes. In addition, liver abnormalities including nodular regenerative hyperplasia and non-cirrhotic portal hypertension have been observed in NOX2-deficient patients (Hussain et al., 2007). In gp91phox-deficient individuals, inflammatory complications occur twice as often as in patients with autosomal recessive NOX gene mutations (Arnold and Heimall, 2017). Moreover, X-linked CGD patients exhibit a strong and early disease phenotype, and an earlier age of death (van den Berg et al., 2009).

Granuloma formation is a typical CGD manifestation (Schäppi M. G. et al., 2008). Granulomas can occur in various organs such as colon, lung, and skin and may functionally impair the respective organs. While granulomas can form as a reaction to chronic infection, they may also form in the absence of overt infection, i.e., the absence of cultivable microbes. In CGD patients, their response to immunosuppressants rather than antibiotics clearly indicates immunodysregulation (Schäppi M. G. et al., 2008). In NOX2-deficient mice, persistent inflammatory lesions develop in response to sterile preparations of fungal cell walls in the lung and skin (Morgenstern et al., 1997; Schäppi M. et al., 2008). Furthermore, mice deficient in Ncf1 or Cyba were reported to develop spontaneous granulomas in the lung, even if housed under SPF conditions (van der Weyden et al., 2018). Thus, granulomatous lesions in CGD patients may not just deflect impaired microbial killing, but rather the dysregulation of the inflammatory response and the failure to efficiently clear debris.

The CGD models in zebrafish comprise deficiencies in gp91phox and p22phox. CGD zebrafish models are susceptible to Pseudomonas aeruginosa and to A. nidulans (Henriet et al., 2012; Yang et al., 2012). Additionally, excessive neutrophil recruitment is observed (Schoen et al., 2020). Both the fungal growth and the neutrophilic inflammation could be limited by expression of NOX in neutrophils alone, indicating that the aberrant signaling in neutrophils contributes to both higher microbial susceptibility and the hyperinflammatory phenotype in zebrafish (Schoen et al., 2020).

Around 50% of patients with CGD suffer from severe intestinal inflammation, which shares features with inflammatory bowel disease (IBD), according to a report of the National Institutes of Health (Falcone et al., 2016). The gastrointestinal manifestations show striking similarities with Crohn’s disease (Marks et al., 2009) and mostly affect the colon, which shows microgranulomas, pigmented macrophages, and tissue eosinophilia (Alimchandani et al., 2013).

To understand the mechanisms of colitis in NOX2 deficiency, animal models have been extensively used. In NOX2-deficient mice, however, colitis does not develop spontaneously and requires induction, most commonly achieved by chemicals. In the trinitrobenzenesulfonic acid (TNBS) model, colitis is stimulated via T lymphocyte responses due to haptenization of host or microbiota-derived proteins (Antoniou et al., 2016). Dextran sulfate sodium (DSS) treatment, on the other hand, exhibits toxicity against of intestinal epithelial cells, which stimulates disintegration of the mucosal membrane (Perše and Cerar, 2012; Wirtz et al., 2017). Thus, while the DSS model represents a wound model, the TNBS model is considered an acute-to-chronic inflammation model (Campbell and Colgan, 2019). For CGD, it was demonstrated that gp91phox-deficient mice are susceptible to the TNBS colitis model (Campbell et al., 2014). In contrast, DSS did not efficiently induce colitis in gp91-deficient mice; weight loss and colitis severity were less pronounced than in wild-type mice (Bao et al., 2011; Aviello et al., 2019). In addition, it was suggested that mice with gp91phox deficiency also do not develop severe colitis after C. rodentium infection (Fattouh et al., 2013). Conversely, p47phox-deficient mice developed strong disease after DSS administration (Rodrigues-Sousa et al., 2014; Falcone et al., 2016) and p40phox-deficient mice were more susceptible to DSS colitis than wild-type mice (Conway et al., 2012). One explanation for these differences may be individual roles of each subunit in NOX-independent signaling pathways. On the other hand, external environmental influences such as the prevalence of commensal/pathogenic microorganisms may contribute to the variability, particularly as the microbiota has a large impact on IBD (Nell et al., 2010; Perše and Cerar, 2012). Finally, the mechanism of colitis induction is probably critical. Recently, a study demonstrated that mice with a hypomorphic mutation in Cyba (p22phox) showed loss of the mucus layer, dysbiosis, and increased inflammation while Cyba-deficient mice did not display any predisposition to DSS colitis (Aviello et al., 2019). Notably, ROS generation in neutrophils was also absent in the mice with the hypomorphic mutation, but, opposed to the complete p22phox deficiency, NOX4 remained functional. Hence, compensation by other ROS sources in the intestine, e.g., NOX4 in epithelial cells, may affect the disease phenotype, at least in rodents.



CONCLUSION

Intensive studies in human and mouse systems have led to a comprehensive understanding of the contribution of phagocyte-derived ROS to health and disease. Yet, gaps of knowledge remain especially with regard to the specific targeting of individual ROS sources or the transferability of results originating in rodent models. As one example, NOX2-deficient mice do not spontaneously develop intestinal bowel disease, which is a prevalent symptom of CGD patients. On the other hand, the conservation of the signaling components in ROS pathways presents also an opportunity for performing studies in animals of lower complexity. Drosophila might be an excellent model to study the effects of mitochondrial ROS (Salminen and Vale, 2020), considering the availability of suitable genetic tools. The zebrafish, on the other hand, exhibits a CGD-like phenotype upon NOX2 deficiency (Schoen et al., 2020) and offers the possibility to investigate the individual role of ROS in both granulocytes and mononuclear phagocytes.

A more profound knowledge of the involved pathways and downstream effects is crucial, as both an excessive and a diminished production of ROS have proven to be harmful. Additionally, the development of specific inhibitors, e.g., small molecules or plant-based substances, is still in its infancy (Panday et al., 2015). Further research in this area will thus serve the purpose of not only developing more specific therapeutics for CGD, for which the current standard therapy is bone marrow transplantation, but also understanding the regulation of a balanced immune response in general.
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The human mononuclear phagocyte (MP) system, which includes dendritic cells, monocytes, and macrophages, is a critical regulator of innate and adaptive immune responses. During embryonic development, MPs derive sequentially in yolk sac progenitors, fetal liver, and bone marrow haematopoietic stem cells. MPs maintain tissue homeostasis and confer protective immunity in post-natal life. Recent evidence – primarily in animal models – highlight their critical role in coordinating the remodeling, maturation, and repair of target organs during embryonic and fetal development. However, the molecular regulation governing chemotaxis, homeostasis, and functional diversification of resident MP cells in their respective organ systems during development remains elusive. In this review, we summarize the current understanding of the development and functional contribution of tissue MPs during human organ development and morphogenesis and its relevance to regenerative medicine. We outline how single-cell multi-omic approaches and next-generation ex-vivo organ-on-chip models provide new experimental platforms to study the role of human MPs during development and disease.
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INTRODUCTION

The mononuclear phagocyte (MP) system includes macrophages, monocytes, and their precursors, classified based on their morphology, function, and origin, with macrophages initially assumed to be differentiated monocytes (van Furth and Cohn, 1968). Dendritic cells (DCs) were discovered later. Defined by their probing morphology and ability to activate naïve T-cells, they were incorporated into the MP system (Steinman and Cohn, 1973; Collin and Bigley, 2018).

In 1882, Elie Metchnikoff suggested that macrophages participate in the maintenance of tissue integrity and homeostasis. This required macrophages to be able to discriminate between the self and non-self, recognize tissue damage, and sense invading pathogens (Tauber, 2003). Since then, multitudes of studies have continuously refined and redefined our understanding of MP function. The roles MPs play in post-natal life have been studied in depth; however, the functional heterogeneity of the MP system during human gestation is still poorly understood (Ginhoux and Jung, 2014; Hoeffel and Ginhoux, 2015; Hoeffel et al., 2015). Recent studies have shown MPs are present from 6 post-conception weeks (PCW) in a human pathogen-free in utero environment (Popescu et al., 2019; Park et al., 2020), thus suggesting that MPs may play a non-canonical role – a role unrelated to protective immunity – in organogenesis and tissue morphogenesis during development.

In this review, we summarize the consensus view on human MP development, outline the diverse functions of MPs in prenatal life and compare them to their roles in post-natal life. We also explore the use of organoids and organ-on-chip (OoC) models to interrogate MP function ex vivo. We further provide a web portal of manually curated MP markers and associated protein interaction networks stratified by species, organ, and developmental time1.



DEVELOPMENT OF THE HUMAN MP SYSTEM

Human embryonic haematopoiesis occurs in several transient waves. Generation and differentiation of haematopoietic progenitors begin in the human yolk sac (YS), giving rise to the first myeloid cells appearing in the human YS at 2–3 PCW and to macrophage populations (Ginhoux and Jung, 2014; Hoeffel and Ginhoux, 2015; Bian et al., 2020).

Definitive haematopoiesis then follows in the human aorta-gonad-mesonephros (AGM) from 3 to 4 PCW (CS12), characterized by haematopoietic stem cells (HSCs) formed from the haemogenic endothelium (Migliaccio et al., 1986; Ginhoux and Jung, 2014; Hoeffel and Ginhoux, 2015). These HSCs rapidly enter the circulation and seed the fetal liver (FL), which produces the first population of granulocyte-monocyte progenitors (GMPs) and blood monocytes at 4–5 PCW/CS15 (Hoeffel and Ginhoux, 2015; Hoeffel et al., 2015; Figure 1A). In humans, MPs arise from YS progenitors and the AGM-derived HSCs that seed the haematopoietic organs, including the FL; the FL then serves as the main haematopoietic organ during embryonic and early fetal development (<20 PCW) (Ginhoux and Jung, 2014; Haniffa et al., 2015; Hume et al., 2019; Popescu et al., 2019). After birth, adult bone marrow (BM)-derived monocytes can also give rise to macrophages (Hume et al., 1985).
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FIGURE 1. (A) A scheme showing the functional timeline and earliest characterization of mononuclear phagocytes and the pathways involved (red) from the yolk sac into the fetal liver (Migliaccio et al., 1986; Ginhoux and Jung, 2014; Hoeffel and Ginhoux, 2015; Bian et al., 2020), thymus, spleen, gut, skin, lungs (alveolar macrophages denoted with ** as they arise post-natally) detected from 11 post-conception weeks (Audiger et al., 2017), and bone marrow. Arrows show the journey of circulating monocytes before tissue infiltration. Surface markers of monocytes and tissue residing mononuclear phagocytes are in yellow. *Data from mouse studies – may not have been verified in human studies. YS, yolk sac; P-Sp, para-aortic-splanchnopleura; AGM, aorta-gonad-mesonephros; BM, bone marrow; CS, Carnegie stage; PCW, post-conception weeks. Figures were produced with assistance from Biorender.com. (B) A schematic showing how markers for cell states were manually curated and used to compute predicted protein interaction networks. All markers and predicted networks curated are available on an interactive online portal: (https://developmentcellatlas.ncl.ac.uk/MPS_development_review).



Monocytes

Monocytes comprise a remarkably plastic population circulating through the blood to surrounding tissues where they differentiate into macrophages or monocyte-derived dendritic cells (mo-DCs).

Three types of monocytes have been observed in adult humans: CD14++CD16– classical monocytes, CD14+CD16++ non-classical monocytes, and CD14+CD16+ human intermediate monocytes (Ziegler-Heitbrock et al., 2010). The closest equivalent of human CD14++CD16– and CD14+CD16++ monocytes in mice are Ly6C+ classical monocytes and Ly6C– non-classical monocytes, respectively. Murine Ly6C– non-classical monocytes have been shown to differentiate from circulating Ly6C+ monocytes and patrol the vascular system (Ginhoux and Jung, 2014).

Comparison of human fetal and post-natal monocytes has shown that both fetal and adult populations show a high expression of myeloid and monocyte surface markers CD11b, CD11c, CCR2, and CX3CR1 (Krow-Lucal et al., 2014). Upon interferon γ (IFN- γ) stimulation, post-natal monocytes upregulate antigen presentation genes. Conversely, fetal monocytes upregulate genes involved in innate antimicrobial responses to evade activating adaptive immunity, which could cause anti-self/anti-maternal rejection (Krow-Lucal et al., 2014).



Macrophages

Macrophages have been observed both morphologically and transcriptionally from the earliest wave of mouse YS haematopoiesis and as early as 6 PCW/CS19 in human YS and decidua (Banaei-Bouchareb et al., 2006; Menassa and Gomez-Nicola, 2018; Vento-Tormo et al., 2018; Popescu et al., 2019). Hofbauer cells, observed from 2.5 PCW, are used to describe any fetal-derived placental macrophage that resides within the placental villous core, amnion, and chorionic larvae (Vento-Tormo et al., 2018; Thomas et al., 2020). Hofbauer cells isolated from the human placenta express CD14, CD163, and secrete anti-inflammatory TGFβ and IL-10, which is suggestive of immune-suppressive and pro-vasculo/angiogenic functions (Johnson and Chakraborty, 2012).

Tissue-resident macrophages (TRM) are perfectly adapted to their resident tissues and have been named based on anatomical location, protein, and transcriptional signatures (Guilliams et al., 2014). The surface markers of macrophages include those shared with monocytes (CD14, CD16, CD68, and CCR5), general macrophage program markers (C1QC and VEGF), and tissue-specific markers, such as VCAM1 for fetal Kupffer cells and PPARγ for alveolar macrophages (Asada et al., 2004; Ginhoux and Jung, 2014; Spivia et al., 2014; Hoeffel and Ginhoux, 2015). TRMs can be long-lived and self-renewing following prenatal seeding but can also be replaced by circulating monocytes (McGovern et al., 2014; Scott et al., 2016; Bajpai et al., 2018; MacParland et al., 2018).



DCs

Major human dendritic cell (DC) subsets include plasmacytoid DCs (pDC), conventional DC1 (cDC1) and DC2 (cDC2), monocyte-derived DCs (moDC), and Langerhans cells (LCs) (Dzionek et al., 2000; Collin and Bigley, 2018). Although human DC origin has been attributed to BM-derived HSCs, fetal DCs have been observed as early as 6 PCW, suggesting that FL HSCs may also generate DCs (Popescu et al., 2019). Compared to adult DCs, fetal DCs possess an immature phenotype but can induce allogeneic T-cell proliferation upon culture (McGovern et al., 2015). Their presence during early development is attributed to ensuring tolerogenic responses to self and maternal antigens (McGovern et al., 2015).

Post-natally, DCs function to sense pathogens and activate the adaptive immune system (Collin and Bigley, 2018). DCs can arise from both myeloid and lymphoid progenitors (Notta et al., 2016), with studies showing monocyte participation in the DC pool following inflammation (Segura et al., 2013; Tamoutounour et al., 2013).




FUNCTIONAL DIVERSIFICATION OF MPs IN PRENATAL LIFE

The distribution of MPs in prenatal organs is carefully coordinated with key timelines of specific organ development, allowing for the continuous survival and development of the fetus (Krow-Lucal et al., 2014; McGrath et al., 2015). Discoveries, including MP origin from progenitors to their post-natal immunological and repair functions, have overshadowed the important roles they play during development and in organogenesis (Hoeffel and Ginhoux, 2015; Hoeffel et al., 2015).

The functional absence of the MP system is embryonically lethal, which shows the importance of MPs for survival during development (De Groote et al., 2014; Rojo et al., 2019). We and others have shown that macrophages, monocytes, and DCs are present from 6 PCW of human life in a relatively pathogen-free in utero environment (Popescu et al., 2019; Park et al., 2020). This raises the hypothesis that MPs may play an important role in tissue modeling and homeostasis in addition to immunity during early prenatal life. Below, we synthesize the literature on MP function in the BM, lymphoid, and non-lymphoid barrier organs during human development.

All MP markers and predicted protein interaction are available via an interactive web portal: (see text footnote 1). Markers were stratified by species, organ, cell type, and developmental time. Each set of markers per cell type were submitted as a string protein query using the RCY3 (v3.12) and the STRINGDB module in cytoscape (v3.8). The top 10 interactions per marker with a Stringdb confidence score of >0.9 were embedded in a network plot with nodes representing proteins and edges representing interactions (Figure 1B).


Bone Marrow

Osteoclasts, the TRMs of the BM, are identified by protein-based surface markers: CTSK, CALCR, SIGLEC15, ACP5, DCSTAMP, OCSTAMP, and TNFRSF11A (Weivoda et al., 2020). Osteoclasts differentiate from common myeloid progenitors via cytokine-dependent signaling involving M-CSF (macrophage-CSF/CSF-1) and receptor-activated NF-κB ligand (RANKL) (Atkins et al., 2003; Tokunaga et al., 2020). They function to assist with the clearance/resorption of bone tissue and are critical in the maintenance, repair, and remodeling of the skeleton (Park et al., 2017).

Osteopetrotic (CSF-1 deficient) mice have excessive bone deposition, deformed bone marrow cavities, and massively altered haematopoiesis. This is due to impaired cell fusion in the absence of CSF-1 required to form osteoclasts (Rojo et al., 2019). Tnfrsf11acre;Csf1rfl/fl mice are phenotypically similar to CSF1R-deficient mice, presenting with decreased TRMs, impaired tooth eruption, misshapen skulls, and shorter long bones. However, in contrast to CSF1R-deficient mice, HSCs colonize the bone marrow post-natally in Tnfrsf11acre;Csf1rfl/fl mice, leading to the development of osteoclasts, but the prenatally determined deformities persist throughout life (Jacome-Galarza et al., 2019). This suggests that prenatal precursors provide functions required for tooth eruption, skull shape, and long bone development prenatally, whilst post-natal HSC-derived osteoclasts function to maintain bone mass.

Human osteoclasts promote the formation of HSC niches whilst BM macrophages determine haematopoietic egress through the phagocytosis of cells not expressing the “don’t eat me” signaling CD47 ligand (Sacchetti et al., 2007; Witt et al., 2018). Erythroblastic island macrophages in the human BM are in contact with BM erythroblasts to support erythropoiesis. They contribute to heme synthesis and iron recycling (Leimberg et al., 2008), erythropoietin (EPO) feedback sensing (Sawada et al., 1989; Lifshitz et al., 2010), and expression of cytokines, including insulin-like growth factor (IGF) and bone morphogenetic protein (Sawada et al., 1989; Liu et al., 2015), which promote erythropoiesis. Decreased MPs in the BM affects the HSC niche and induces HSC mobilization into the blood due to niche collapse, resulting in a decline in erythro-/haematopoiesis due to bone endosteal niche disruptions (Kaur et al., 2017).

A study on adult human BM DCs showed reduced activity of canonical DC-functionalities when compared to matched DCs in the peripheral blood (van Leeuwen-Kerkhoff et al., 2018). For example, BM-derived cDC2s were less able to upregulate T-cell stimulatory molecules like CD80 upon TLR-triggering when compared to peripheral blood cDC2s (van Leeuwen-Kerkhoff et al., 2018). The BM niche was concluded to be primarily a DC developmental location. Murine BM studies have shown the contribution of DCs in the regulation of haematopoiesis: ablation of murine BM cDCs resulted in HSC mobilization into peripheral blood to transiently lodge into other haematopoietic organs such as the spleen. BM cDC ablation in the mice also led to a loss of BM macrophages, increased BM vascular permeability, and the expansion of BM endothelial cells, which are required for haematopoietic regulation (Zhang et al., 2019). These studies demonstrate the need for MPs in the BM niches during development and how they coincide with post-natal functions to maintain skeletal and BM haematopoietic niches.



Lymphoid Organs


Liver

Kupffer cells, identified by CD163, VCAM1, and CLEC5A in humans (Gonzalez-Dominguez et al., 2015), are the TRMs of the liver, lining the sinusoids. Kupffer cells assist in the proliferation and enucleation of erythroblasts as well as in iron recycling to facilitate erythropoiesis in the FL (Pourcher et al., 2011; Palis, 2016). Definitive erythropoiesis occurs in the human FL and requires HIF2A and EPO expression for progenitor survival. This process is MYB dependent and relies on transcriptional regulators, such as Sox6 and Bcl11A, that down-regulate embryonic (Gower 1 – ζ2ε2, Gower 2 – α2ε2) and fetal globin expression (α2γ2) (Cantu et al., 2011; Bjurström et al., 2016). At the stage of active FL haematopoiesis, macrophages can migrate from the sinusoids to the parenchyma to form erythroblastic islands consisting of a central macrophages surrounded by erythroblasts (Li et al., 2019). The central macrophages express VCAM1, CD163, and EPOR to mediate interactions with early erythroid cells and EPO, stimulating erythroblast enucleation, proliferation, and differentiation (Li et al., 2019; Popescu et al., 2019).

A non-canonical function of human Kupffer cells is to prevent the pathogenic accumulation of lipids in the liver. Peroxisome proliferator-activated receptor gamma (PPARγ) was identified as an important regulator of macrophage activator programs linked to the fatty acid oxidation function of Kupffer cells (Scott et al., 2016; Luo et al., 2017). PPARγ also regulates pro-proliferative interleukin (IL)-4 driven programs (basophil recruitment) during damage to assist during liver generation/regeneration (Daniel et al., 2018). These studies demonstrate a common non-canonical function between human fetal and post-natal Kupffer cells in coordinating erythropoiesis and restoring damaged tissue during fetal development and post-natal liver regeneration.

Like adult DCs, human FL DCs can migrate to lymph nodes and initiate T-cell proliferation in response to toll-like receptor (TLR) ligation. Additionally, it was observed that after TLR ligation, FL cDC2s show markedly reduced TNFα cytokine production when compared to adult DCs to mediate immunosuppressive responses during gestation (McGovern et al., 2017).



Thymus

During early human gestation, CD45+ early lymphoid progenitors (ELP) have been reported to colonize the fetal thymus from the FL and BM and give rise to plasmacytoid and conventional DC subsets and T-cells (Patel et al., 2009; Park et al., 2020). T-cells undergo positive and negative selection during development. Double positive CD4+/CD8+ cells that do not recognize MHCs on thymic stromal cells and single positive cells that respond to self-antigens are eliminated by apoptosis. Human DCs have been reported to mediate recognition and clearance of negatively selected cells, whilst thymic epithelial cells (TECs) have been shown to play an essential role in positive selection (Hu et al., 2015). Deactivated DCs characterized in the fetal thymus revealed gene expression programs adapted for this role, with AIRE supporting the negative selection of T-cells, and chemokines (CCL17, CCL19, and CCL22), enabling recruitment of CD4 T-cells and Tregs to the thymic medulla (Park et al., 2020). Thus, DC depletion in the thymus could lead to an increased propensity for autoimmunity reactions due to a lack of negative selection (Audiger et al., 2017; Park et al., 2020).

The early thymic MP system is composed of Mac1+ (CD11b/CD18) thymic macrophages (TMs) observable from 8 PCW (Park et al., 2020), but little is known of their prenatal function. During murine development, TMs phagocytose apoptotic thymocytes, assisting with the clearance of negatively selected cells, carrying out DNA fragmentation via DNase-II-dependent degradation in lysosomes (Kawane et al., 2003). DNase-II knockout mice with impaired macrophage function during development displayed reduced brain, kidney, and thymic size due to the accumulation of undigested apoptotic cell debris within phagocytes (Kawane et al., 2003). A study on E14.5 mice thymi demonstrated CD4+/CD11b+ macrophages exhibiting phagocytosis of apoptotic thymocytes (Esashi et al., 2003). RUNX1 knockout mice have impaired macrophage development and display impaired thymic development, including the accumulation of double-negative thymocytes (Putz et al., 2006).



Spleen

Splenic TRMs originate from the FL and fetal BM. The spleen functions to clear blood-borne pathogens and acts as an early haematopoietic organ during development, bridging erythro-/haematopoiesis between the FL and BM. It is divided into red pulp and white pulp fractions separated by the marginal zone. The macrophages in each zone have specific functions and interactions (Hoeffel and Ginhoux, 2015).

Human red pulp macrophages (RPM) form a vast network required for the uptake of senescent red blood cells and iron homeostasis. They express CD163 and CD68 and are SPI-C dependent. RPMs selectively upregulate SPI-C expression, driving HMOX1 expression, which encodes the essential heme recycling enzyme, Heme Oxygenase 1 (HO-1) (Haldar et al., 2014; Nagelkerke et al., 2018). Splenic monocytes may also express SPI-C when induced by free heme from red-blood-cell degradation, generating new RPMs (Haldar et al., 2014). Prenatally, RPMs localize in splenic cords and assess the condition of erythrocytes. CD47 expression on erythrocytes inhibits phagocytosis via interaction with the signal regulatory protein α (SIRPα) found on RPMs. Conformational changes to CD47 indicates erythrocyte senescence leading to phagocytosis by fetal RPMs (Murata et al., 2014; Hayes et al., 2020).

Formation of white pulp and the germinal center occurs in the presence of CD209 in humans and SIGN-R1+ in murine marginal zone macrophages (MZM) (Steiniger et al., 2007; Endo et al., 2015; Pirgova et al., 2020). After birth, MZM and marginal metallophilic macrophage generation are dependent upon the nuclear liver X receptor (LXR) and function to filter the blood as it is released into the marginal zone (A-Gonzalez et al., 2013). The macrophages act like scavenger cells via scavenger receptors, such as MARCO, which recognize non-opsonised molecules and blood-borne antigens. MARCO also directly binds and mediates the phagocytosis of bacteria such as Escherichia coli and Staphylococcus aureus and works in conjunction with TLRs to mediate pathogen control (Kellermayer et al., 2014).

Splenic pre-follicular DCs secreting CXCL13 and driving B-cell chemotaxis also contribute to white pulp and marginal zone development after birth (Pirgova et al., 2020). Human fetal spleen cDC1s and cDC2s, observed by 13 PCW, have been observed to induce differentiation of T-regulatory (Treg) cells in vitro from adult T-cells. Fetal spleen cDCs also show significantly less pro-inflammatory cytokine production when compared to adult spleen DCs, including increased expression of arginase-2, consistent with the notion of fetal tolerance establishment (McGovern et al., 2017).




Barrier Organs


Lung

Human alveolar macrophages (AMs) express CD64, CD206 and CD163, FABP4, INHBA, SPP1, and MERTK (Mitsi et al., 2018; Morse et al., 2019). AMs reside on the luminal surfaces of the alveoli and are in direct contact with commensal bacteria, inhaled particles, and host-epithelial-derived factors such as surfactants.

In the post-natal steady state, AMs phagocytose excessive surfactant proteins. Mice and humans lacking AMs due to a dysfunction in GM-CSF signaling develop pulmonary alveolar proteinosis as a result of defective surfactant clearance, suggesting a vital function for AMs (Stanley et al., 1994; Robb et al., 1995; Ferretti et al., 2016). Surfactant production in the human fetus has been observed to start between 22 and 24 PCW and needs careful regulation to prevent build up (Hashimoto et al., 2013; Izquierdo et al., 2018).

Interstitial macrophages, present between the airways in the lung tissue interstitium, are involved in tissue remodeling, maintenance, and antigen presentation (van Furth and Cohn, 1968). They interact with DCs to influence airway allergic responses (Bedoret et al., 2009).



Gut

The human intestinal tract develops distinct morphological crypt-villus features by 12 PCW (Moxey and Trier, 1978). MPs such as CD103+ and CCR7+ DCs and macrophages are observed from as early as 14 PCW (Stras et al., 2019). Human intestinal macrophages have been shown to express HLA-DR, CD206, and CD209 (Bujko et al., 2018). Intestinal macrophages assist with epithelial homeostasis during development as they do in post-natal life (D’Angelo et al., 2013; Hoeffel and Ginhoux, 2015). The intestinal epithelium rapidly divides and requires constant and continuous ECM remodeling, which the macrophage provides via Wnt1 signaling and secretion of hepatocyte growth factor (HGF) (D’Angelo et al., 2013; Ortiz-Masia et al., 2014).

Post-natally, intestinal macrophages and DCs can penetrate the epithelium through trans-epithelial dendrites (TEDs). TED formation was found to be dependent upon the expression of CX3CR1 and the membrane ligand fractalkine (CX3CL1). This process allows them to sample and capture luminal bacteria for antigen presentation (Chieppa et al., 2006; Vallon-Eberhard et al., 2006). Intestinal goblet cells assist the transfer of antigens from the intestinal lumen to CD103+ DCs (Mazzini et al., 2014; Knoop et al., 2015). These DCs then migrate from the lamina propria (LP) to the mesenteric lymph nodes (MLN) in a CCR7-dependent manner, or within the Peyer’s Patches, into T-cell zones (Jang et al., 2006; Scott et al., 2015).

The human intestinal cDC populations are characterized by their expression of CD103 and SIRPα (Watchmaker et al., 2014). LP DCs are considered tolerogenic and assist with gut homeostasis. CD103+ DCs have been observed to metabolize retinoic acid secreted by the liver to induce homing of protective CCR9+α4+β7+ T and B-cells to the gut (Bakdash et al., 2015; Roe et al., 2017). Other transcription factors, such as transforming growth factor β receptor II (TGFβII) (Ramalingam et al., 2012) and tumor necrosis factor receptor-associated factor 6 (TRAF6) (Han et al., 2013), maintain cDC tolerance of gut microbiota. cDC antigen presentation promotes the generation of forkhead box P3+ (FoxP3+)-inducible Tregs in the MLN and is key to the development of the symbiotic relationship with microbiota (Esterhazy et al., 2016). Human fetuses start swallowing amniotic fluid from 8 to 12 PCW with data indicating the possible existence of an in-utero microbiome in the amniotic fluid and fetal gastrointestinal tract. This evidence thus suggests a potential role for cDC education and tolerance in fetal gut development (Collado et al., 2016; Martinez et al., 2018).



Skin

Various populations of MPs reside in the skin, including Langerhans cells (LCs) and dermal DCs. LCs are found in human fetal skin at 4–5 PCW, detected as HLA-DR+ and CD1a+, harboring a mixed DC/macrophage signature (Foster et al., 1986; Carpentier et al., 2016). LC precursors were observed to acquire CD1c and langerin expression at 9 PCW and grow in number throughout development (Schuster et al., 2009, 2012).

Dermal MPs (macrophages and DCs) are seeded prenatally but are replaced over time by circulating CD14++CD16+ human monocytes (Chorro et al., 2009; Malissen et al., 2014). CD14++CD16+ human monocytes can also be recruited to replace LCs when they are unable to self-renew (Chorro et al., 2009; Malissen et al., 2014). In humans, LCs express CD1A, CD11B, CD11C, CD207, and MHC class II. Dermal DCs express lower amounts of CD1A, CD1C, CD11B, CD206, CD209, and MHC class II. Dermal macrophages express CD163 and factor XIIIa (Valladeau et al., 2000; Nestle et al., 2009).

Dermal macrophages also promote the proliferation of fibroblasts in damaged tissue to assist with repair in a TGFα, fibroblast growth factor (FGF), and platelet-derived growth-factor-dependent mechanism (Shook et al., 2018; Etich et al., 2019).

Although human LCs are prenatally derived and share a similar origin with prenatal macrophages, they have additional “DC properties” in their ability to migrate to draining lymph nodes and initiate an immune response (Furio et al., 2010). LCs coordinate a state of immune tolerance in the postnatal skin but can instruct the adaptive immune system when skin integrity is compromised (Seneschal et al., 2012). During the early stages of wound healing, LCs are present as an immune barrier and coordinate with dermal macrophages to promote repair in a fibroblast-dependent manner (Shook et al., 2018; Etich et al., 2019). Little is known about the function of LCs during development, but data suggests they could be involved in ECM remodeling alongside dermal macrophages (Furio et al., 2010). More work is required to fully clarify their role during organogenesis.

Post-natally, dermal DCs function as migratory antigen-presenting cells whilst maintaining tolerance to self-antigens (Haniffa et al., 2012). The equivalent of murine dermal cDC1 in humans is defined as CD141+ DCs and co-expresses: XCR1, CADM1, CLEC9A, and TLR3. Skin-draining lymph nodes contain migratory and resident CD141+ (Haniffa et al., 2012; Collin and Bigley, 2018).

Developmental macrophage cell programs were recently shown to be co-opted in two common inflammatory skin conditions, psoriasis, and atopic dermatitis (Chorro et al., 2009; Reynolds et al., 2020). These new observations highlight the importance of developmental pathways in inflammatory disease pathogenesis that could be therapeutically targeted.





ORGANOID AND ORGAN-ON-CHIP PLATFORMS TO STUDY PRENATAL MPs

Studies on human MPs have focused on in vitro culture systems from BM-HSC, peripheral blood monocytes, induced pluripotent stem cells (iPSC) (Caux et al., 1992; Sallusto and Lanzavecchia, 1994; Merad et al., 2002; Poulin et al., 2010; Balan et al., 2018; Kirkling et al., 2018), and ex vivo primary MPs isolated from peripheral blood tissues (Haniffa et al., 2013; McGovern et al., 2014; Takata et al., 2017). Such culture systems allow the study of MP interactions with specific cells in the tissues through co-culture. Murine iPSC-derived macrophages (iMacs) can differentiate into microglia in co-culture with iPSC-derived neurons. Murine iMacs can be differentiated into functional TRMs of the lung and brain when transplanted in vivo showcasing the remarkable plasticity of MPs (Takata et al., 2017). These studies have provided new insights into the classification and roles of primary MPs but suffer from a failure to allow dissection into how MP ontogeny and functions are shaped by their physiological tissue of residence. Recent developments in human tissue organoid culture systems provide new opportunities to interrogate human MPs. Organoids are 3D culture systems that attempt to model in vivo settings by leveraging the intrinsic ability of cells for self-assembly and organization. The most common form of organoid culture, spheroids, organize aggregated cells with or without hydrogen scaffold substrates and aim to replicate three key features of a specific tissue: the spatial distribution of cells, the biochemical environment, and its mechanical environment (Iakobachvili and Peters, 2017; Shanti et al., 2018; Kim et al., 2020). Organoids can facilitate studies on organogenesis, disease pathophysiology, and drug discovery in an ex vivo setting (Broutier et al., 2017). A study by Neal et al. (2018) used an air-liquid interface to generate patient-derived tumoral organoids with preserved immune cell types including CD68+ CD14+ macrophages (Neal et al., 2018). Bourgine et al. (2018) used a perfusion bioreactor system to create a BM organoid with a human osteoblastic environment that supports HSC function (Bourgine et al., 2018).


Organ-on-Chip Systems

Organoids can replicate organ-level function but may lack key chemical, spatial, or other tissue physico-biomechanical properties distinct from those in vivo, e.g., fluid flow, and are labor intensive (Shanti et al., 2018; Jang et al., 2019; Kim et al., 2020). Microfluidic organ-on-chips (OoCs) enable organoids to be cultured in perfused, multiplexed chips that recapitulate tissue-specific mechanical and biochemical parameters at higher throughput (Shanti et al., 2018).

Mononuclear phagocyte migration and its role in development and disease have been studied using OoC models (Biselli et al., 2017; Sasserath et al., 2020). Monocytes and macrophages embedded in OoCs respond to hypoxia and injury-associated signals, such as MCP-1 and IL-6, by migrating down chemokine gradients (Liu et al., 2018; Shanti et al., 2018). These MPs express gene-expression programs similar to those observed to be crucial in development, such as programs involved in angiogenesis (VEGF, COX2, Wnt5a, FGF2), tissue remodeling (MMP9), glucose transport (e.g., solute carrier family 2 member 1), and glycolytic metabolism (enolase 2) (Chou et al., 2018; Shanti et al., 2018; Jang et al., 2019; Sriram et al., 2019). Other OoC models incorporating MPs have been developed for the spleen (Rigat-Brugarolas et al., 2014), skin (Sriram et al., 2019), bone marrow (Chou et al., 2018), liver (Jang et al., 2019), the feto-maternal interface (Richardson et al., 2020), and an inter-connected multi-organ platform (Sasserath et al., 2020).

Sieber et al. (2018) developed a BM-on-a-chip model consisting of two media perfused micro-channels filled with BM progenitor, stromal, and endothelial cells. Cells were embedded in a hydroxyapatite scaffold to mimic the 3D physiology of BM (Sieber et al., 2018). The BM OoC successfully demonstrated key expression programs known to be essential for sustaining the BM HSC niche in vivo, with qPCR assays showing upregulation of nestin, osteopontin, VEGF, angiopoietin 1, and fibronectin expression (Chou et al., 2018; Sieber et al., 2018). CD34+ cells isolated from the OoCs could form colony-forming units of erythrocytes, macrophages, granulocyte/macrophage, and granulocyte-erythrocyte-macrophage-megakaryocytes, demonstrating the ability of OoC derived BM HSCs to differentiate into various progenies and maintain functional HSC niches in vitro for up to 4 weeks (Sieber et al., 2018). In a separate study by Chou et al. (2018), BM OoCs supported differentiation into myeloid and erythroid-primed lineages, whilst improving maintenance of CD34+ progenitors (Chou et al., 2018). Interestingly, post differentiation, myeloid mobilization, and remodeling were also observed across 4 weeks of OoC culture. Selective drug toxicity and recovery from 5-fluoracil and radiation exposures using BM OoCs demonstrated increased biologically mimetic toxicity responses and recoveries compared to their static gel-spheroid counterparts.

Liver OoCs recapitulate the hepatic lobule by patterning hepatocytes and other associated cells via micropillar arrays, which introduce perfusion to maintain functionality over time (Rennert et al., 2015). Liver-on-a-chip platforms have been designed to model and investigate various functions of the liver including metabolism, detoxification, and response to pharmaceutical interventions (Rennert et al., 2015; Groger et al., 2016). Groger et al. (2016) assessed the interaction of circulating monocytes and their ability to trigger tissue repair and the repolarization of Kupffer cells within a polystyrol scaffold embedded in a liver on-a-chip. Inflammation stimulated by TLR1 and 2 agonists and lipopolysaccharide (LPS) in the liver OoC caused the release of pro-inflammatory IL-1β, IL-6, and TNFα within 72 h and anti-inflammatory cytokine IL-10 post 72 h. The OoC exhibited similar responses to livers undergoing sepsis, in vivo, which caused hepatocellular dysfunction and cell death. There was also a shift from LPS-induced inflammatory macrophages to regenerative polarization with the introduction of THP-1 monocytes to the system (Groger et al., 2016). These results demonstrate crosstalk of the liver microenvironment and immune system with higher-throughput phenotypic readouts when compared to spheroid cultures (Hotchkiss and Opal, 2010).

A single tissue OoC cannot fully recapitulate physiologically relevant pharmacokinetic properties and toxicity responses across multiple tissues. To achieve crosstalk of organs, long-term multi-OoC cultures have been developed to better mimic these multi-tissue interactions (Zhao et al., 2019). A multi-OoC model comprising cardiomyocytes, skeletal muscle, and the liver was successfully used to study the THP-1 macrophage response to drug and inflammatory stimuli (Sasserath et al., 2020). The multi-OoC model incorporated biological microelectromechanical systems (BioMEMS) to non-invasively measure cardiomyocyte electrical (microelectrode array) and muscle mechanical function (cantilever). Liver function was monitored using biomarker quantification of CYP1A1, 3A4, 2C9, urea, and albumin. The system facilitated a multi-organ response to the drug amiodarone and revealed the selective THP-1 monocyte activation and infiltration in the cardiac OoC due to cytokines released by cardiomyocytes. LPS and IFNγ treatment of the chip system elicited a sepsis-like response characterized by TNFα, IL-6, and CCL5 and decreased cardiac, skeletal muscle, and liver function.

Taken together, these studies demonstrate the effectiveness of OoC systems to study MPs within tissues, as well as their responses to chemical stimuli (Rennert et al., 2015; Groger et al., 2016; Hulsmans et al., 2016; Prabhu and Frangogiannis, 2016; Sieber et al., 2018). However, despite the promising applications of organoids and OoCs, challenges in recapitulating organs to scale with accurate tissue architecture (size, cell number, and distribution) remain (Rennert et al., 2015; Groger et al., 2016).



The Future of Studying the MP System

To fully establish an atlas of fetal MP populations, studies must go beyond murine models to incorporate biomimetic OoC models with human fetal/embryonic samples (Behjati et al., 2018). Increasingly, international consortia initiatives, such as the Human Development Cell Atlas (HDCA), have leveraged high-throughput, unbiased technologies, such as single-cell RNA sequencing (scRNA-seq), and spatial techniques to create tissue-specific cellular atlases of the developing human (Behjati et al., 2018). In a recent HDCA publication, Popescu et al. (2019) applied scRNA-seq alongside the spatially resolved Hyperion to define the cellular and spatial composition of the human FL and YS, highlighting potential pathways for Kupffer cells to instruct B lineage survival in FL. This data demonstrates the potential for high-throughput omics technologies to inform on the in vivo cellular interactions between MPs and their microenvironment.

Organoid culture models have also benefited from the recent surge of accessibility and data generated by omics technologies (Kanton et al., 2019; Lee et al., 2020). Information gleaned from these data repositories can be used to increase the biomimetic capability and complexity of organoid models (Chorro et al., 2009; Haniffa et al., 2012; Popescu et al., 2019). Conversely, the application of high-throughput omics technologies on OoC and organoid models may also inform in vivo developmental trajectories and populations (Chorro et al., 2009; Haniffa et al., 2012). In a 2020 study, Lee et al. (2020) developed hair-bearing human skin organoids. These organoids were characterized by scRNA-seq at 1 week and 1-month timepoints and morphologically compared to human 18 PCW fetal skin (Lee et al., 2020). FGF and a BMP-inhibitor were used to induce differentiation of human pluripotent stem cell (hPSC) spheroids into cranial neural crest cell populations, which is key in later assembly of the epidermis. Crucially, differential expression analysis of organoid scRNA-seq data revealed key signaling modulators for self-organization; expression of WNT modulators in the epidermal (WNT6 and LEF1) and dermal (SFRP2, TCF4, WIF1, and APCDD1) layers may govern the self-assembly and interactions between the respective layers in vivo. Furthermore, dermal expression of FGF7 (Keratinocyte Growth Factor) was also identified as a key driver of epidermal stratification in the organoids (Lee et al., 2020). Similarly, Kanton et al. (2019) recapitulated HDCA scRNA-seq data to reveal the potential and limits of cerebral organoids. Comparison of fetal brain and cerebral organoid scRNA-seq data showed consistent gene-expression patterns of the earliest stage of developmental differentiation trajectories. This could provide an atlas of the budding human brain and offer a baseline for future inclusion of MP cells into cerebral organoid studies (Kanton et al., 2019).

High-throughput scRNA-seq technologies have transformed our understanding of complex cell populations. High-throughput multi-omic approaches can now enable combined scRNAs and cell-surface proteins (CITE-seq) analysis and single nucleus RNA and chromatin accessibility (snATAC-seq) to be performed (Stoeckius et al., 2017). Stephenson et al. (2021) recently used CITE-seq to characterize the cellular immune response to COVID-19 in peripheral blood.

The identification of key modulators driving self-organization and stratification of dermal and epidermal layers provides insight into how factors such as FGF7 and WNT signaling modulators (Lee et al., 2020) may be incorporated into skin OoC models to better regulate organoid cell fates, cell-cell interactions and improve organoid maturation. Data accrued from the HDCA and other international consortia can be leveraged to instruct more complex developmental organoids with the intention of incorporating their associative immune cell and MP populations.




CONCLUSION

A thorough understanding of MP contribution to tissue repair and regeneration will have important repercussions for regenerative medicine and therapy. The key roles of MPs in human organogenesis and organ morphogenesis are beginning to be explored and have thus far been reliant on pre-clinical animal models. Several logistical challenges remain to facilitate studies of MPs in human prenatal tissues. Organoids and OoC technologies, in tandem with data generated by emerging omics technologies and international collaborative consortia, provide a new experimental avenue to recapitulate human development and physiology. They have shown early success, but important hurdles remain including successful incorporation of the full complement of immune cells and physiologically relevant vascularization and perfusion of these culture systems.
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Gene symbol

ALCAM

ADAR

CASP7
CD274
CFLAR

DTX3L

EPSTI

IL27/EBI3

PDE4B
PML
PNPT1
RNF114
RNF19B

SDC4

TDRD7
TRIM21

TRIM 23

Gene name/description

Activated leukocyte adhesion molecule

Adenosine deaminase, RNA-specific
Caspase 7
Programmed cell death ligand 1

CASP8 and FADD-like apoptosis regulator
(aka c-FLIP)

Deltex E3 ubiquitin ligase
Epithelial stromal interaction 1

Interleukin 27

Phosphodiesterase 4B

Promyelocytic leukemia
Polyribonucleotide nucleotidyltransferase 1
Ring-type zinc finger 114

Ring-type zinc finger 19B (aka NKLAM)

Syndecan 4

Tudor domain containing 7
Tripartite motif 21

Tripartite motif 23

Gene function

Regulator of cell trafficking, interacts with CD6

A to | editing of mRNA.

Regulator of NF-kB-dependent transcription
Regulation of T cell tolerance

Regulator of inflammasome

Forms complex with PARP9, regulates IFN
response

Unknown function. Negative regulator of
macrophage activation

IL12-related. Heterodimeric cytokine, feedback
regulator of IFN response

Feedback regulator of LPS response

Regulator of apoptosis Required for LPS response
3'-5' exonuclease associated with mitochondria
Negative regulator of NF-kB. Interacts with TNFAIP3
ES3 ubiquitin ligase, associated with phagosomes

Transmembrane heparan sulfate proteoglycan,
regulator of LPS response in vivo

Inhibitor of AMPK and autophagy

E3 ubiquitin ligase, Inhibitor of IRF transcription
factors

E3 ubiquitin ligase, regulator of autophagy

References

Zimmerman et al., 2006; Renard et al.,
2020

Baal et al., 2019
Erener et al., 2012
Yamazaki et al., 2002

Van Opdenbosch et al., 2017; Muendlein
etal., 2020

Zhang et al., 2015

Kim et al., 2018

Bosmann and Ward, 2013;
Aparicio-Siegmund and Garbers, 2015

Jin et al., 2005

Lunardi et al., 2011

Sarkar and Fisher, 2006; Wang et al., 2010
Rodriguez et al., 2014

Lawrence and Kornbluth, 2012; Lawrence
etal., 2019

Ishiguro et al., 2001

Subramanian et al., 2018
Labzin et al., 2019; Sjostrand et al., 2020

Sparrer et al., 2017

Genes chosen were induced in all species and selected based upon limited related literature. References are primarily to studies in mice and provide evidence for a
function in the response to LPS in vitro or in vivo.
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Gene symbol

ADGRE1

CD163

CLEC4E

C1QA, C1QB,
c1Qc

CPM

CTSK

ENPP1
MARCO
MMP9
POU2F2
PTX3

SCIN

TNFAIPG6

VSIG4

Gene description

Adhesion G protein- coupled
receptor E1
Haptoglobin receptor

C type lectin 4E

Complement 1Q
Carboxypeptidase M

Cathepsin K

Ectonucleotide pyrophosphatase/

phosphodiesterase 1

Macrophage receptor collagenous
structure

Matrix metalloproteinase 9

Oct-2 transcription factor
Pentraxin 3

Scinderin (adseverin)

TNF alpha induced protein 6 (aka

TSG6)

V set and immunoglobulin domain
containing 4

Gene function/regulation

F4/80 in mouse. Highly divergent expression, structure,
sequence and function amongst species

High in all large animals, absent from rodent BMDM. Regarded
as M2 polarization marker.

Macrophage-induced C type lectin (Mincle). Role in fungal
resistance induction by LPS is rodent-specific. Clec4 family
expanded in rodents.

Very high expression in Mus musculus BMDM, known C57BL/6
strain-dependent

Phosphoinositol-linked ectopeptidase. Marker of human MDM
maturation from monocytes. Not expressed in rodent BMDM.
Key gene in bone resorption, very high in all BMDM except Mus
musculus (C57BL/6)

Not expressed in rodent BMDM. Involved in regulation of
calcification and signaling

Scavenger receptor. Mouse-specific, induced by LPS.

Inducible matrix degrading enzyme. Constitutive in all BMDM
except mouse.

Expressed and induced by LPS only in rodent. Implicated in
NOS2 regulation

Humoral pattern recognition molecule. Many roles in
inflammation. Not inducible in rodents.

Gelsolin-related actin binding protein, implicated in osteoclast
fusion in mice. High in all BMDM except rodents

Secreted cytokine with [L4-like activity. Implicated in
anti-inflammatory activity. Not induced by LPS in rodent BMDM
Complement receptor (CRIg). Tissue resident macrophage
marker. Low expressed in mouse BMDM

Specificity
Rodent

Large animals
Rodent
C57BL/6 Mus
musculus

Not in rodents
Not in Mus
musculus

Not in rodents
Mouse

Not in mouse
Rodent

Not inducible in
rodents

Not in rodents
Not inducible in

rodents
Low in mouse

References

Waddell et al., 2018

Vogel et al., 2014

Wells et al., 2008

Raza et al., 2014
Rehli et al., 2000
Drake et al., 2017
Roberts et al., 2019
Jing et al., 2013
Min et al., 2002
Lu et al., 2009
Garlanda et al.,
2018

Wang et al., 2018
Mittal et al., 2016;

Nepal et al., 2019
Irvine et al., 2016

Genes shown are expressed or regulated only in rodents or large animals. References are to functional studies of the gene product or reviews where available.
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Location Name Main neighbors Main functions Species |Key markers References
Subepithelial LPM IECs (Antigen sampling Mouse  |CD64, CXsCR1, F4/80, MerTK  [Tamoutounour et al.,
, |Slandcoln fibroblastic cells Tissue protection and repair 2012; Bain et al., 2013
[ Immune cells Treg and Th17 cell equilibrium Human  CD14,CD16, CD64, MerTK,  [Bujko et al,, 2018
o cD163
€
S |Perivascular Perivascular MF | Endothelial cells Regulation and strengthening of the vasculatre | Mouse  |CXsCR1, CD169, CD206 De Schepper et al, 2018;
S |slandcolon Bacterial translocation blockade Honda et al,, 2020; Kang
& Systemic antigen uptake et al., 2020
2 [Cryptbase Crypt Lgrs* epithelial stem cells | Maintain the renewal of the Sl crypts Mouse  |CSFIR/CD115, CD169, CD206 |Pul et al., 2005; Asano
= |siandcolon base-associated |Paneth cells Promote the crypt regenerative response et al., 2015; Sehgal et al.,
5§ |8 MF Inflammatory monocyte recruitment 2018; Kang et al., 2020
8 | 2 |suomucosa/muscularis | Muscularis MF  [Enteric neurons Smooth muscle contraction and Peristaltism Mouse  |CXsCR1, MHC-I, BPM2, B2 AR [Muler et al., 2014;
g3 Smooth muscle cells Tissue-protective Gabanyi et al., 2016; De
2|8 Schepper et al., 2018
k] Human  |CD14, CD11b, CD209 Bujko et al., 2018
3
& Subepithelial dome: TIM-4~ LysoMac | FAE/M cells Uptake of particulate antigens Mouse |MerTK, CXsCR1, lysozyme, CD4 [Bonnardel et al., 2015
., |Upper folicle RANKL* stromal cells  |Innate defense Human  |Lysozyme, CD11c, SIRPa: Wagner et al., 2020
g% DG, Band T cells /Apoptotic IEC removal
%5 [Interfolicular regions TIM4* LysoMac T cells |Apoptotic T cell removal Mouse |MerTK, CXsCR1,CD4, TIM-4  [Bonnardel et al,, 2015
% & |Lower folicle Human  |Lysozyme, TIM-4 Wagner et al., 2020
2% |Germinal conter Tingible body MF |B cells |Apoptotic B cell removal Mouse  [MerTK, CXsCR1,CD4, TIM-4  [Bonnardel et al,, 2015
£ § Human  |Lysozyme, TIM-4 \Wagner et al., 2020
Submucosa/muscularis | Serosal/muscularis |? ? Mouse  |MerTK, CXsCR1, TIM-4 Bonnardel et al,, 2015
externa MF Human _|Lysozyme, TIM-4, D163 Wagner et al., 2020
St lumen Lurminal MF IECs Immune exclusion by pathogen capture Mouse  [CD11c, CXsCR1, F4/80 Man et al,, 2017
2 (Salmonella Typhimurium)
o
g £ [Distalleum TED* LPM IECs Pathogenic bacteria uptake Mouse  [CXsCR1, CD11c, CD11b Niess et al., 2005
. 13% (Salmonella Typhimurium)
1
£ | £ E |Peyers patches TMD* LysoDC M cells Pathogenic bacteria uptake Mouse  |CXsCR1, lysozyme, CD11c Lelovard et al,, 2012;
2|88 (Salmonella Typhimurium) Bonnardel et al., 2015;
g | % g Wagner et al., 2020
& Distal colon BLPs* LPM IECs Fiuid sampling and fungus toxin detection Mouse  |CD11c, CD11b, MHCI, F4/80,  [Chikina et al., 2020
s IECs protection by regulating fluid absorption CXsCR1, CDB4
g | § [pistalieum LPM ? |Antigen-specific Th17 cells induction in response | Mouse  |CD64, GSFIR Panea et al., 2015
< |2 §_ lto SFB ileum colonization
© % 8 [Colon LPM ? Induction of Th17 cells and antibodies in response | Mouse  |CXgCR1 Leonardiet al., 2018
<2 to fungus colon colonization Human
2 Immune surveillance and maintenance of a
£ balanced colonic fungal community

SI, small intestine; MF, macrophages; LPM, lamina propria MF; DC, dendiitic cells; IECs, intestinal epithelial cells; FAE, folicle-associated epithelium; TED, trans-epithelial dendite; TMD, trans-M cell dendrite; BLR balloon-like protrusion;
SFB, segmented filamentous bacteria; CSF1R, colony-stimulating factor-1 receptor; 2 AR, 2 adrenergic receptor; ?, unknown.
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A Egg laying 24 hAEL 48 hAEL 72 hAEL 120 hAEL 240 hAEL
l | | | | |
Embryo L1 L2 L3
- Tt o |
i B S AR «'ﬁ”&i
Procephalic

PM hemocytes / LG hemocytes

mesoderm (PM)

Resident hemocytes
in sessile pocket

Lymph gland histolysis
Mobilisation of resident hemocytes
Lamellocyte differentiation

Wasp egg encapsulation

i 1O
) -:\wg:“\fj
3 7«‘:‘{ ’ 2 5,
Wasp infestation (L2 larva
4 ( ) Aggregated
lamellocytes

Encapsulated
wasp egg

Ref| (Cattenoz et al., 2020) (Tattikota et al., 2020) | (Fu et al., 2020)
Wandering L3 (120 Feeding L3 (96 hAEL) ,
Stage hAEL) and wandering L3 Wandering L3
Steady stage/
Challenge Stea_dy stat(_a/ Wasp infestation/ Steady state
Wasp infestation .
Sterile wound
Wasp: Oregon-R
Genotype Oregon(;l:l (;emales Wound and steady w1118
y state: hmI>EGFP
Sequencing 10x Genomics g Genomics, Drop- 10x Genomics
technology seq, inDrop

15664 (7606 steady

19458 (4110 steady
state, 6170 after wasp

Total cell number state + 8058 after . : 3424
. ) infestation, 9178 after
wasp infestation)
clean wound)
Subgroup/marker Seurat v3.0 Seurat v3.0 Seurat v2.3
identification R package R package R package
Lineage Monocle 2 and
prediction Velocyto v0.17.17 Monocle 3 Monocle 2
: SCENIC . ,
Regulon analysis (pySCENIC v0.9.19) Not available Not available
Dataset ID E-MTAB-8698 GSE146596 Not available
Number of 13 plasmatocytes 12 plasmatocytes 4 Plasmatoeyles
1 crystal cell
hemocyte 1 crystal cell 2 crystal cells
1 lamellocyte
subgroups 2 lamellocytes 2 lamellocytes 2 others
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A

Dataset Cattenoz et al.

Number of common plasmatocyte markers B
PL-0 Subgroup ID Subgroup ID Subgroup ID
PL-1 (Cattenoz et al., 2020) | (Tattikota et al., 2020)| (Fu et al., 2020)
PL-2 Number of Crystal cells cc CC1, cc2 Crystal cell
PL-3 common markers (cluster 2)
2 Lamellocytes | Intermediate (LM-2), | Intermediate (LM1), Lamellocyte
PL-Rel mature (LM-1) mature (LM2) (cluster 3)
PL-AMP Unspecified PL-0, PL-1, PL-2, PL-3 | PM1 Reservoir PM
PL-vir1 plasmatocytes
. Proliferative PL-prolif/PL-Inos PM2, PM9 Ppn+ PM (?)
PL-prolif plasmatocytes
PL-Inos PSC-like PL-ImplL2 PM11 Primocyte
PL-Lsp hemocytes
PL-Pcd Antimicrobial | PL-Rel, PL-vir1, PM3, PM5, PM6, PM7 | NA
PL-robo2 plasmatocytes | PL-AMP
e Phagocytic PL-robo2 NA CAH7+PM
PL-ImpL2
plasmatocytes
sg2g3 22 g g Secretory PL-Lsp NA Lsp+ PM
ocooao oo T a plasmatocytes | PL-Pcd Thanacyte
Dataset Tattikota et al.
Hemocyte lineages in L3 larva Crystal cells
= Transient Mature
ol a:ﬁg{g';; = intermediate / crystal cells Lamellocytes
Crystal cells ) Transie.nt -/_> Mature
Plasmatocytes :nterr:?edltate lamellocytes
amellocytes
Proliferative __— Unspecified
plasmatocytes plasmatocytes Antimicrobial
\ plasmatocytes
Phagocytosis Secretion
Crystal cell markers E Lamellocyte markers
s °  PPO2 s °)
& CG10467 fok = PPO1 k betaTub60D alphaTubgsE
D _. 4 D _. 4 4 /
Sw e MtnA Ss . /i
San = PPO3 Vs atilla
9 Pdelc = 0 \
c | c CG2556 o CG15347
¢ 83 S - CG9119 o 8 3 e
gD |t 6’67860 E2 | mthia - CG33225 gpot
S~ — [S=] N &
282 C.tr1.A' ° oy £82 {Tret1-1-, & ISa_pGAP1
oy o % 7 MmB S5 MWEAdes N 0
281 PRy CAH . 881 e T ltgaPS4
© 8 - Markers in © foﬂ oo\ o rhea
SI 0 &% . Fu et al. dataset f‘ " & 8 ®es cher
8 o 2 4 6 8 2 0 1 2 3 4 5

CC marker enrichment (Log2FC)
Dataset Cattenoz et al.

LM1 marker enrichment (Log2FC)
Dataset Cattenoz et al.






OPS/images/fcell-08-624213/crossmark.jpg
©

2

i

|





OPS/images/fcell-08-624213/fcell-08-624213-g001.gif
&
o i R 0
Ot Prspuida Py {5
e M
- Kinorhyncha N Y
e — Nemstods vav (5
- tmonon 552
Ahroposs P 5
Molluscs Sy 15
[
Lo &
connin o7
Roviers g
Grathostomulids .7
Platyheimioths v, £§






OPS/images/fcell-08-624213/fcell-08-624213-t001.jpg
Diploblastic| Platyhelminths Nematoda Arthropoda Echinodermata Vertebrates
Representative Cnidaria, Planarian Caenorhabditis Drosophila Sea urchin Zebrafish Birds Mouse Human
organism Porifera elegans melanogaster
Body cavity No Acoslomates |  Pseudocoelomates Coslomates
Gut formation No Protostomia Deuterostomia
Adaptive immunity No Yes
Phagocyte name | Amoebocytes]  Reticular cells Coslomocytes Plasmatocytes | Hemocytes/Filopodial Macrophages
(different subsets) cells/Ovoid cells

Gut-specific No Proventriculus No Yes

population

Meain known Digestive Digestive and Digestive Exclusive immune | Digestive and immune| Exclusive immune|  Exclusive immune Exclusive immune

functions phagocytosis immune phagocytosis phagocytosis phagocytosis phagocytosis phagocytosis phagocytosis
Nutrient phagocytosis Fat consumption Efferocytosis Encapsulation Protection against Antigen uptake Multiple functions depending
transport | Nutrient transport |~ Life span extension|  Wound healing Syncytia formation infection and Protection on their location
MORN2-mediated | upon starvation | Antimicrobial signaling inflammation Against invading (see Table 2)
antimicrobial activity|  Metal detoxification | IESCs prolferation Microbiota shaping pathogens
Glucose homeostasis Thi7 cells/Tregs |  Antimicrobial activiies
regulation
Intestinal
inflammatory
lymphangiogenesis

IESCs: intestinal epithelial stem cells; Tregs, regulatory T cells.
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