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Immune cells

Immune cells colonize the lung during the first trimester of gestation, showing signs
of functional competence

In the first trimester of gestation, liver is the main source of immune cells that seed various
organs, including lung, to produce their resident immune cells'. Re-clustering of 4113
PTPRCP*2 immune cells and megakaryocytes suggested 22 clusters, which were annotated
to distinct immune cell-types and their corresponding immature states (Suppl. Note Fig. 1A-B,
Suppl. Table 1-10). In summary, embryonic lungs contain myeloid macrophages, monocytes,
neutrophils, mast/basophis, dendritic cells (DCs), lymphoid B-cells, innate lymphoid cells
(ILCs) natural killer (NK) cells and megakaryocytes. Myeloid cells were more abundant in early
stages of development whereas lymphoid cells appeared after 10 pcw (Suppl. Note Fig. 1C-
D).

Macrophages presented the most numerous immune cell-type, including two immature (-0 and
-22) and one mature cluster (cl-16), that expressed high TNF levels, suggesting that it
represents functionally competent macrophages®. Examination of genes encoding known
myeloid-cell effector proteins, such as the cytokines IL1A, IL1B*, IL23A° and the chemokines
CCL4 and CXCL2° provided additional evidence that both macrophages and monocytes
(immune cl-14) can be operative at this early stage (Suppl. Note Fig. 1B, E). The myeloid
lineage also included: (i) the MPOP°s 7 neutrophils, with a small percentage of them being
ELANEPs8 suggesting that they are stillimmature (Suppl. Note Fig. 1B), (ii) MKI67P° PCNAP°s
proliferating myeloid cells (cl-8) (Suppl. Note Fig. 1B) and (iii) three types of dendritic cells
expressing HLA-DQA1°. Among these, only cl-5 expressed CCR7, suggesting that it contains
migrating dendritic cells!® and only cl-19 expressed CLEC9A, a conventional dendritic cell

markeri?,

The lymphoid lineage encompassed five distinct clusters (Suppl. Note Fig. 1A). The most
abundant cell-type (cl-1) corresponded to NKG7P° NCR1P°s KLRD1P°s NK-cells (Suppl. Note
Fig. 1B). They expressed genes encoding the known effector proteins IFNG!? and GNLY and
the granzymes A and M® indicating that NK-cells are functional at this stage (Suppl. Note
Fig. 1F). cl-13 contained GATA3P% IL1RL1P% innate lymphoid cells 2 (ILC2) and cl-21 IL1R1P®s



IL23RPs |LC3 cells. While both clusters were KITP* (Add. Fig. 1B), only ILC2 expressed
IL13, as previously reported®® (arrow in Suppl. Note Fig. 1F).
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Supplementary Note Figure 1. Immune cell characterization suggests thar all main cell-
types are found in the embryonic lung, being functionally competent. (A) UMAP-plot of the
4113 analyzed immune cells. Different colors indicate the 22 suggested clusters. Dotted outlines
show the myeloid (magenta), lymphoid (cyan) lineages and megakaryocytes (gray). (B) Balloon-
plot of known immune cell marker genes (PTPRC-TUBB1). General: PTPRC?, Stem cells: CD34,
CD38!, Macrophages: CD163, LYVE1'6, C1QB®° Monocytes: S100A8, VCAN®, FCGR3B'/,

Dendritic cells:

HLA-DQA1 (general),

CLEC4C (plasmacytoid)®,

CLEC9A (myeloid)?e,

Neutrophils: MPO, ELANE?, Proliferating: MKI67%°, PCNA?°, T-cells: CD3D, CD3E, CD3G? 2%,
CD52, ILC2: GATAS, IL1IRL1%, KLRB1 (CD161)%, ILC3: IL1R, IL23R , KIT?5, NK-cells: NKG7,
NCR1, KLRD1, KLRF1% CDB8A!, B-cells: CD19, MS4A1, CD79B®°, Mast/basophils: CPA3,



HDC?6, ENPP327 and GP928, ITGA2B®, TUBB1?°. The remaining genes correspond to the top-
5, most selective genes for each cluster. From the statistically significant genes (adjusted p-
value < 0.001, according to MAST (Bonferroni correction using all features)), the top-10 genes
(based on average log2 fold-change) were sorted according to the percent of positive cells and
the top-5 markers were plotted. Gene order follows the cluster order. Balloon size: percent of
positive cells. Color intensity: scaled expression. Blue: high, Gray: low. (C) Line plot of lineage
abundancies (%) in the analyzed ages. (D) Heatmap of cluster abundancies (%) in the analyzed
ages. Dark blue: high, White: zero. (E-F) UMAP-plots of gene expression levels of known
myeloid (E) and lymphoid (F) function genes. Expression levels correspond to log>(normalized
UMI-counts+1) (library size was normalized to 10.000). Blue: high, Gray: zero.

The lymphoid cell cl-7 was positive for the general T-cell marker genes CD3D, CD3G, CD3G#*
and presumably corresponds to immature lymphoid cells, while cl-15 contained CD19r°s
CD79BP° MS4A1P%s B-cells (Suppl. Note Fig. 1B). cl-18 cells expressed basophil and mast
cell markers like CPA3, HDC?® and ENPP3?7 but the low percent of positive cells in the cluster
suggests that they are still immature (Suppl. Note Fig. 1B). Finally, we detected two
populations of GP9P°s 22 megakaryocytes, which might correspond to immature (cl-20) and
mature (cl-17) cell-states, based on the higher expression levels of differentiation markers like
GP9, ITGA2B and TUBBL1 in cl-17 (Suppl. Note Fig. 1B).

Our experiments cannot assess whether the lung immune cells during the first trimester derive
from the circulation or represent lung resident cells like alveolar macrophages® and ILCs?3.We
have confirmed that the major immune cell-types are detected in the developing lung, earlier
than previously reported®" 32 and that they express distinct effector genes, suggesting that

they are functional.

Endothelial cells

The main endothelial cell-types appear during the early stages of lung development
The separate analysis of the endothelial cell group indicated the presence of arterial (CXCL12,
IGFBP3, GJA5, DKK2), venous (CPE, CDH11), capillary (SGK1, NTRK2), lymphatic (PROX1,
CCL21) and bronchial (HBEGF) endothelial clusters, which were annotated according to the
expression of known markers of the adult human lung ° 3 (Suppl. Note Fig. 2A-B, Suppl. Table
1-11). Three of the clusters (-3, -10 and -14) included proliferating cells, as indicated MKI67%°,
PCNA % expression (Suppl. Note Fig. 2A-B). The remaining clusters were annotated as
immature cell-states, expressing lower levels of differentiation markers and higher KIT, as
previously described®*. Both mature and immature endothelial clusters were present during all
analyzed stages suggesting that lung angiogenesis is asynchronous, at least during the first

trimester (Suppl. Note Fig. 2C).



The developmental trajectory of arterial endothelium
The arterial trajectory of cl-12, -6 and -9 was the most prominent one among the endothelial
cells (Suppl. Note Fig. 2A). The pseudotime analysis of these clusters together with the
immature cl-0 and -1 confirmed the ordering of the cells, which was also supported by the
scVelo arrow directions and the elevated differentiation markers in mature cells (Suppl. Note
Fig. 2D-F). We defined five statistically significant gene modules changing along the trajectory
(Suppl. Note Fig. 2F). Module-1 contained immature cell (cl-0, -1) markers, such as the
capillary marker CA4%® and the adult aerocyte marker HPGD3* %, which, might control
endothelial cell migration and vessel formation®® by inactivating prostaglandins, as previously
reported®’. Immature cells expressed LHX6, encoding a TF involved in neuronal differentiation
33,35 38 which was downregulated in the mature arterial clusters. Module-2 included
upregulated genes in the immature cl-12 and -6, such as the INSR, that controls endothelial
cell sprouting down-stream of VEGF-signaling®. The other three modules contained genes

that are progressively activated in mature cells.

The BMP-pathway mediator SMAD1 was enriched in the immature cl-12, in agreement with
its role in promoting the expression of NOTCH-signaling components (e.g., HES4, JAG1 and
HEY1) (Suppl. Note Fig. 2G), which in turn, regulate the tip- versus stalk- cell selection in the
developing arterial endothelium*®. More mature arterial cells expressed the inhibitory
SMADG6%, which downregulates cell proliferation and induces genes encoding cell junction
components*?, downstream of NOTCH-signaling. These results suggest an interplay between

BMP and NOTCH pathways during arterial differentiation in the human lung.

The transient activation of the collagen genes, COL15A12 and COL18A1 in immature arterial
cells and the up-regulation of the elastogenesis-related genes, FBLN5 and LTBP4® in the
most mature cl-9 (Suppl. Note Fig. 2F, H) suggested that arterial endothelial cells at different

maturation states produce different ECM proteins and contribute to arterial wall formation.

Arterial endothelium communicates with pericytes
Spatial co-localization analysis showed that within the vessel neighborhood (Fig. 1C), there is
high spatial correlation between endothelium and pericytes involving only mature arterial
endothelial cells (cl-9) (Suppl. Note Fig. 2I). This indicates that pericytes cover the vessels
only when endothelial cells reach an advanced maturation state. The interactome analysis
between the involved mesenchymal and endothelial clusters confirmed known

communication-patterns like the PDGF and EDN pathways that induce pericyte migration and



proliferation®. In particular, PDGFB was detected in all analyzed endothelial cells and it mainly

signals through PDGFRB to pericytes (Suppl. Note Fig. 2J). EDN1 was highly expressed by

immature endothelial cl-0 and -2 (Suppl. Note Fig. 2K). On the other hand, HGF was the only

predicted ligand to be exclusively expressed by pericytes and target the arterial endothelial

cells (cl-6, -9), possibly contributing to endothelial cell growth and tube formation, as in the rat

lung® (Add. Suppl. Note Fig. 2L). Lastly, DHH was detected only in the mature arterial

endothelium, targeting the mesenchyme, in agreement with its known role in angiogenesis*®

(Suppl. Note Fig. 2M).
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Supplementary Note Figure 2. Analysis of endothelial cell heterogeneity. (A) UMAP-plot of
the 6629 endothelial cells. Different colors indicate the 15 suggested clusters. (B) Balloon plot
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of known endothelial cell marker genes (CLDN5-PCNA). General: CLDN5, PECAM1°, CDH5%3,
Arterial: IGFBP3, CXCL12, DKK2?, Capillary: NTRK2, SGK1°, IL7R®3, Venous: CDH11, CPE,
VCAM133, Lymphatic: PROX147:48, CCL21°, Bronchial: EMP1, HBEGF®, COL15A13%3, Aerocytes:
SOSTDC1, S100A3°% FOXP2% and Proliferating: MKI67%°, PCNA?. The remaining genes
correspond to the top-5, most selective genes for each cluster. COL15A13 was not expressed
in cl-8 but in immature arterial cl-6, suggesting differences between embryonic and adult lung
endothelium. (C) Heatmap illustrating the relative abundance of endothelial clusters at different
developmental stages. To avoid bias, cell numbers were firstly normalized according to dataset
size per stage. Dark blue: high, White: zero. (D) scVelo-analysis on the neuronal cells. Colors
as in “A” and direction of arrows shows progression towards more differentiated stages. (E)
Pseudotime analysis of the arterial endothelial trajectory, with Slingshot. (F) Heatmap of the top-
50 differentially expressed genes along the arterial trajectory, according to tradeSeq. The
numbers on the left correspond to 5 stable gene-modules (red squares) (Bootstrap values
module-1: 0.99, module-2: 0.89, module: 0.79, module-4: 0.83, module-5: 0.90). “*” indicate
commended genes. Color intensity: scaled expression. Dark red: high, Gray: low. (G-H) Top-5
secreted proteins (G) and transcription factors (H), in the clusters of the trajectory. (I) Bar-plot of
Pearson’s correlation between pericytes (mes cl-14) and the suggested endothelial clusters of
the arterial trajectory, based on ST-data. Colors as in “A”. (J-M) CellChat hierarchical plots of
ligand-receptor pairs for PDGFB (J), EDN1 (K), HGF (L) and DHH (M). In all Balloon plots, from
the statistically significant genes (adjusted p-value < 0.001, according to MAST (Bonferroni
correction using all features)), the top-10 genes (based on average log2 fold-change) were
sorted according to the percent of positive cells and the top-5 markers were plotted. Gene order
follows the cluster order. Balloon size: percent of positive cells. Color intensity: scaled
expression. Blue: high, Gray: low.
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