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            Abstract
Haematopoiesis is an essential process that evolved in multicellular animals. At the heart of this process are haematopoietic stem cells (HSCs), which are multipotent and self-renewing, and generate the entire repertoire of blood and immune cells throughout an animalâ€™s life1. Although there have been comprehensive studies on self-renewal, differentiation, physiological regulation and niche occupation in vertebrate HSCs, relatively little is known about the evolutionary origin and niches of these cells. Here we describe the haematopoietic system of Botryllus schlosseri, a colonial tunicate that has a vasculature and circulating blood cells, and interesting stem-cell biology and immunity characteristics2,3,4,5,6,7,8. Self-recognition between genetically compatible B. schlosseri colonies leads to the formation of natural parabionts with shared circulation, whereas incompatible colonies reject each other3,4,7. Using flow cytometry, whole-transcriptome sequencing of defined cell populations and diverse functional assays, we identify HSCs, progenitors, immune effector cells and an HSC niche, and demonstrate that self-recognition inhibits allospecific cytotoxic reactions. Our results show that HSC and myeloid lineage immune cells emerged in a common ancestor of tunicates and vertebrates, and also suggest that haematopoietic bone marrow and the B. schlosseri endostyle niche evolved from a common origin.
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                    Fig. 1: B. schlosseri anatomy and natural transplantation reactions.


Fig. 2: Multilineage differentiation capacity, homing sites of cHSCs and their niches.


Fig. 3: Allorecognition is mediated by cytotoxic cells through BHF recognition.


Fig. 4: Evolution of theÂ cellular immune system.
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Extended data figures and tables

Extended Data Fig. 1 B. schlosseri cell sorting workflow.
a, Outline of cell purification process. Unsorted cells (light microscopy) are loaded into a FACS (i) and sorted, and this is followed by morphological observation (ii). Cells were labelled with diverse markers and screened using CyTOF (iii) for differential labelling. On the basis of SPADE cluster analysis (iv) markers were selected for FACS gating (v) before a final sort was performed (vi; c). b, Sorting based on FCS/SSC in the lower panel, and natural fluorescence in the upper panels. The analysis is after gating propidium iodide (PI)-negative cells (live cells). The specific excitation laser and optical filter for emission measurements were as follows (excitation laser in nm and filters stated as long pass (LP) and band pass (BP)): 488Â nm for FSC and SSC, 488Â nm (550LP 575/25BP)- PE, 405Â nm (450/50BP)-Pacific Blue, 633Â nm (660/20BP)-APC, 633Â nm (690LP 710/50BP)-APC-Cy5.5. Nomenclature based on published work3,26. Experiment was performed three times. Scale bars, 20Â Î¼m. c, Sorting panels of 34 cell populations using FSC, SSC (central panel), CD49d, CD57, concanavalin-A (ConA), BHF and AP, after gating PI-negative cells (live cells). Central panel is FCS/SSC, from which additional populations were differentiated. The specific excitation laser and optical filter for emission measurements were as follows: 488Â nm (505LP 530/30BP)-AP, 488Â nm (755LP 780/60BP)-CD49d, 405Â nm (450/50BP)-CD57, 633Â nm (660/20BP)-ConA, 633Â nm (755LP 780/60BP)-BHF. d, Hierarchy of sorted cell populations by main parameters of differentiation. For example, the control populations used in Fig.Â 2bâ€“e (CP19, 20, 21) are all included in CP18. CP18 is derived from CP9. e, H&E staining of the end point cell populations isolated in a rectangle of original population by FSC/SSC. Live imaging was done three times; H&E was one experiment with three replicates. Colour key (c, d) for different populations identified in this study and the figures that further describe them.


Extended Data Fig. 2 Screen for differentiation markers of cell populations for FACS-based sorting.
a, b, Examples of antibodies screened by CyTOF mass cytometry with B. schlosseri cells analysed by 2D mass spectrometry. The CyTOF screen was performed once. a, Examples of antibodies considered as nonspecific binders because different antibodies showed the same binding patterns. b, Examples of antibodies considered as specific binders because a cell population was bound by one antibody but not the other (red rectangle). c, d, Examples of validation screen by flow cytometry of antibodies with specific binding by CyTOF, done in 2D fluorescence excited by the same laser owing to autofluorescence. Negative FACS validation was done twice and positive three times. c, Negative validation of CCR2 labelled with PE. d, Positive validation of CD57 labelled with Pacific Blue. e, Flow cytometry of live B. schlosseri cells labelled with anti-BHF mouse serum. Anti-mouse Alexa Fluor-647 was used as a secondary antibody. f, Example of positive differential labelling by the lectin concanavalin-A in PE-Cy7 by FACS. The experiment was performed three times. g, Confocal imagery of membrane concanavalin-A labelling with Alexa Fluor-633 in red and Hoechst DNA labelling in blue. The experiment was performed once. Scale bar, 20 Âµm.


Extended Data Fig. 3 B. schlosseri cell population clustering based on transcriptome analysis.
a, We used 250 genes with the largest weights in the first 11 principal components (explaining 90% of the variance in mean-adjusted log-transformed gene counts) to cluster the different cell populations in a heatÂ map. b, Transcriptome sequencing of B. schlosseri cell populations compared to FACS analysis. 2D projection of the distances between transcriptomes of cell populations based on all differential genes. Lines are drawn between the nearest two neighbours. Blue, FACS adjacency of the populations in the differentiation panel; red, genetic level proximity not predicted by FACS panel adjacency. The proximities of twenty (of thirty) genetic level cellular populations were predicted by FACS. Widths of lines are inversely proportional to distances.


Extended Data Fig. 4 Gene expression in B. schlosseri cell populations.
a, Enrichment scores of the top nine systems (left), nine tissues (centre) and ten cell types (right) of annotated genes upregulated in CP33, CP34 and CP25 using the GeneAnalytics tool (compared to human). In systems the haematopoietic system has the highest score, in tissues the blood has the highest score, and within the cells, the granulocytes and HSC have the highest scores. bâ€“d, Geneset Activity Analyses using the Gene Expression Commons tool on a mouse haematopoiesis model of different B. schlosseri cell populations. b, Analysis of CP8 (pigment cells) based on 12 significantly upregulated genes, showing that CP8 is part of the haematopoietic system with gene activity resembling known cell types. c, Analysis of CP3 (small cells) based on 235 significantly upregulated genes, showing that this population is not part of the haematopoietic system. On the bottom: enrichment scores of the top ten tissues using CP3 genes by GeneAnalytics tool compared to human; the highest score is for the testes, suggesting that this population is a gonadal population. d, Analysis of CP19 (enriched with morula cells) based on 96 upregulated genes (PÂ <Â 0.25), showing that CP19 has gene activity resembling cells in the lymphoid lineage using Geneset analysis.


Extended Data Fig. 5 Subendostylar sinuses as an HSC niche.
a, Reduction in DiO fluorescence suggesting cell proliferation, three weeks after transplantation. The experiment was performed once with two pools for each population from five animals each. b, Candidate HSC (cHSC) population and a control population (CP3) were isolated, labelled with DiD and transplanted into CFSE-labelled compatible colonies; in vivo tracing of transplanted cell migration was used to identify niches. There were no cells detected for CP3 (0/4) or the uninjected colonies (0/4) in the subendostylar sinus, whereas 5/6 colonies injected with cHSC cells showed significant localization of the cHSCs to the subendostylar sinus. PÂ =Â 0.048, Fisherâ€™s exact test, two-tailed. Although in the cell islands 4/4 were positive with CP3, 5/6 positive with cHSC, and 2/4 positive in the uninjected colonies, there are high levels of autofluorescent cells in the cell islands. Full image panels of Fig.Â 2g. c, Transverse sections of an adult zooid counterstained with toluidine blue (top two left) where the endostyle (green arrowhead) and endo-niche (blue arrowhead) are enlarged (scale bar, 30Â Î¼m). Electron microscopy section of the same animalâ€™s endostyle and endo-niche (right and bottom, enlarged). Yellow arrowheads indicate cells with haemoblast (HSC) morphology that are enriched within the endo-niche (scale bar, 5Â Î¼m). The experiment was performed three times. Full image panels of Fig.Â 2b. d, Immunohistochemistry with antibodies against phospho-histone H3 (PHH3), suggesting that there are mitotic cells in the endostyle region in the developing primary bud and also in the adult zooid endostyle.


Extended Data Fig. 6 Gene expression in an HSC niche: the endostyle.
a, Comparison between the transcriptome sequence data from 10 samples of dissected endostyles and the transcriptome data for 34 whole colonies revealed a list of 327 genes that were significantly upregulated in the endostyle and showed homology to genes expressed in human haematopoietic bone marrow. HeatÂ map includes the top 100 (by log(FC)) of the bone-marrow-associated endostyle genes. b, Geneset Activity Analysis of top 200 genes upregulated in the B. schlosseri endostyle associated with the blood system, found by RNA-seq (this study) using the Gene Expression Commons tool on a mouse haematopoiesis model. The enriched populations are bone marrow stromal cells and HSCs. c, Similar analysis, but for C. robusta based on previous in situ work21, revealed enriched mouse bone marrow stromal cells as well, based on 188 genes that are expressed in the C. robusta endostyle and are associated with the blood system.


Extended Data Fig. 7 Discovery of a myeloid lineage phagocytic population.
a, FACS analysis of B. schlosseri cells that are fluorescently positive in one of three phagocytosis assays performed: (first and second from left) phagocytosis of green fluorescent beads, (third) phagocytosis of V. diazotrophicus labelled with AF647, and (fourth) allogeneic phagocytosis. Three phagocytic populations were identified: amoebocytes (A), myeloid cells (M), and large phagocytes (LP). The experiment was repeated twice. The myeloid cells were the main contributors to phagocytosis, contributing more than 40% to each of the phagocytosis assays. The large phagocytes contribute mainly to allogeneic phagocytosis compared to the other assays. b, Live images of the three isolated phagocytic populations. The experiment was performed three times. Scale bar, 20Â Î¼m. c, We isolated the three main phagocytic populations and a small cell population (CP3) as a control, and incubated each one with fluorescent beads to validate the engulfment capacity of each population. The experiment was repeated twice. Plots show FACS analysis of green fluorescent bead phagocytosis by sorted populations. d, Amoebocytes, myeloid cells, and large phagocytes all had significantly higher engulfment rates than the small cell population. Moreover, amoebocytes and myeloid cells had significantly higher cell percentages than the large phagocyte population. Percentage analysis was carried out on two samples for each sorted population. Unpaired t-test, two-tailed; *PÂ <Â 0.05, data shown as mean. e, Representative confocal images of the three phagocytic populations after engulfment of beads. Scale bar, 20Â Î¼m. f, ImageStream analysis confirmed that the three phagocytic populations assayed engulfed the beads. The positive cells had mainly the morphology of amoebocytes, myeloid cells, or large phagocytes. The experiment was performed once on ImageStream. Representative images of the three phagocytic populations after engulfment of beads. Scale bar, 7Â Î¼m.


Extended Data Fig. 8 Cytotoxicity and the two morphs of morula cells at PORs.
a, Cytotoxicity assays of isolated LGL cells compared to small cells, and to isolated morula cells (MCs). In both cases the LGL cells had significantly higher cytotoxicity compared to the other cell types. The experiment with isolated cells was performed twice with triplicates. Unpaired t-test, two-tailed; *PÂ =Â 0.003, **PÂ =Â 0.0013; data shown as mean. b, LGL cells were isolated (upper left) and incubated overnight either in syngeneic (upper right) or in allogeneic challenge (lower left). FSC/SSC analysis of LGL cell (lower population) and morula cells (upper population). Insets, sample light microscopy images of the cells after incubation for each treatment. Lower right, analysis of LGL and morula cells in syngeneic compared to allogeneic challenge. The experiment was performed once with duplicates and validated by light microscopy. Bars show mean. c, H&E-stained section of B. schlosseri colonies undergoing rejection. In the ampule (AMP) the inactivated form of cytotoxic morula cells/large granular lymphocyte-like cells (LGL) can be observed (top). On the other hand, the activated form with the brown pigmentation of morula cells can be observed at POR (bottom). d, Confocal imagery of phagocytosis assays to validate the allogeneic engulfment. Colonies are labelled with CFSE in green and with DiD in red after allogeneic phagocytosis assay. Large phagocytic cells can be seen after engulfment of allogeneic cells or vesicles. Validation of allogeneic phagocytosis by confocal imaging was performed twice. Scale bar, 20Â Î¼m. e, Example of cytotoxicity assay with different effector to target (E:T) ratios, where the targets are compatible or rejecting colony cells to the effector colony. In the rejecting colony, specific lysis is significantly higher. The experiment was performed three times with triplicates. ANOVA two-factor with replication; *PÂ =Â 0.0015; data shown as meanÂ Â±Â s.d.


Extended Data Table 1 Antibodies screened by CyTOF for binding of B. schlosseri cellsFull size table


Extended Data Table 2 Flow cytometry binding of B. schlosseri cells, and references for phagocytic and cytotoxic cells in different organismsFull size table





Supplementary information
Reporting Summary

Supplementary Table 1
Gene expression by populations. Reads per kilobase of transcript per million for each gene of each isolated endpoint population (Extended Data Fig. 1c-d). On the right side is the results of the differential expression analysis for each populations or cluster of populations with adjusted (using Benjamini-Hochberg) p-values (computed using exact tests assuming a negative binomial model) <0.05 and <0.25. Differentially up-regulated=1, differentially down-regulated=-1, no differential expression=0. Each population was analyzed once compared to the rest.


Supplementary Table 2
Genes sets used throughout the study. List of the genes used in the analysis in Gene Commons Tool and the GeneAnalytics. If gene name appears more than once it means that there are more than one B. schlosseri gene model that is associated with this gene and was upregulated.


Supplementary Table 3
GeneAnalytics analysis of 42 genes upregulated in the Botryllus cHSC population that known to be expressed in human hematopoietic stem cells. Analysis include tissues and cells that express these genes and pathways, biological process, molecular functions, phenotypes and diseases that are associated with these genes.


Supplementary Table 4
GeneAnalytics analysis of 327 genes upregulated in the endostyle that known to be expressed in human hematopoietic bone marrow. Analysis include tissues and cells that express these genes and pathways, biological process, molecular functions, phenotypes and diseases that are associated with these genes.


Supplementary Table 5
Data source for the figures. Figure 2. a, Gene list for analysis. c, Pigment cell analysis. f, FACS differentiation analysis. g, Transplantation localization analysis. Figure 3. b, Genes of CP31. e, Allogeneic phagocytosis and cytotoxicity. f, Anti-BHF blocking cytotoxicity. Extended Data Figure 4 gene lists used in the analysis. a, CP25,33,34. b, CP8. c, CP3. d, CP19. Extended Data Figure 6 gene lists used in the analysis. b, Botryllus endostyle. c, Ciona Endostyle. Extended Data Figure 7. d, Beads phagocytosis of sorted cells. Extended Data Figure 8. a, Cytotoxicity of LGL compared to other cells. b, Differentiation from LGL to Morula upon allogeneic challenge. e, Cytotoxicity of compatible and rejecting with different effector to target ratios.


Video 1
Budding cycle and take-over. Three day time lapse acquisition of budsâ€™ development in two B. schlosseri colonies (colony 1 and colony 2). At time lapseâ€™s 35th hour point, the zooids of colony 2 are getting absorbed and replaced by their buds. Taken on a Kyence BZ-X700 every 18 minutes during a 60 hour period.


41586_2018_783_MOESM8_ESM.mp4
Video 2Vascular fusion between two compatible B. schlosseri colonies. Time-lapse acquisition of vascular fusion between two B. schlosseri colonies (colony 1 and colony 2). At the time lapseâ€™s 3 hour and 10 minute mark the ampullae in the center touch, than at the 6 hour 40 minute mark they fuse. Movies of blood flowing from one colony to the other are shown after. Taken on a Kyence BZ-X700 every 10 minutes during an 18 hour period.


Video 3
Differential labeling of colonies. Live colonies labeled on ibidi 35mm micro dishes with either CFSE (green) or cell tracer far red (red). Also an example of fused colonies. Taken by confocal microscopy.
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