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Abstract: The yolk sac (YS) represents an evolutionarily-conserved extraembryonic structure
that ensures timely delivery of nutritional support and oxygen to the developing embryo.
However, the YS remains ill-defined in humans. We therefore assemble a complete single cell
3D map of human YS from 3-8 post conception weeks by integrating multiomic protein and
gene expression data. We reveal the YS as a site of primitive and definitive haematopoiesis
including a YS-specific accelerated route to macrophage production, a source of
nutritional/metabolic support and a regulator of oxygen-carrying capacity. We reconstruct the
emergence of primitive haematopoietic stem and progenitor cells from YS hemogenic
endothelium and their decline upon stromal support modulation as intraembryonic organs
specialise to assume these functions. The YS therefore functions as ‘three organs in one’

revealing a multifaceted relay of vital organismal functions as pregnancy proceeds.
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One Sentence Summary: Human yolk sac is a key staging post in a relay of vital organismal

functions during human pregnancy.

Main Text:

The primary human YS derives from the hypoblast at around the time of embryo implantation
(Carnegie stage 4, CS4; ~1 post conception week (PCW)) (1, 2). A secondary YS beneath the
embryonic disc supersedes the primary structure at around CS6 (~2.5PCW) and persists until
8PCW (1, 2). The secondary YS surrounds a vitelline fluid-filled cavity with three tissue
compartments: mesothelium (a mesoderm-derived epithelial layer interfacing the amniotic
fluid), mesoderm (which contains an array of cell types, including endothelial cells, blood cells
and smooth muscle), and endoderm (interfacing the yolk sac cavity) (1). In phylogenetic terms,
the YS is first seen in vertebrates with yolk-rich eggs e.g., birds, reptiles and amphibians, where
its role is to extract macronutrients from yolk to sustain the embryo (3). The capacity to uptake,
transport and metabolise nutrients is retained in mouse and human YS (2). Haematopoiesis
originates in the YS in mammals, birds and some ray-finned fishes (4). The first wave of mouse
YS haematopoiesis (primitive) vyields primitive erythroid cells, macrophages and
megakaryocytes from embryonic day 7.5 (E7.5) (4, 5). Following the onset of circulation, a
second wave of erytho-myeloid and lympho-myeloid progenitors arise in the YS and supply
the embryo (6). Finally, definitive haematopoietic stem cells arise in the aorta-gonad-

mesonephros (AGM) region of the dorsal aorta and seed the fetal liver.

Limited evidence suggests that YS also provides the first blood cells during development in
humans. Primitive erythroblasts expressing embryonic globin genes, surrounded by

endothelium, emerge at CS6 (~2.5PCW) (7, 8). Y'S also produces megakaryocytes, mast cells
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and myeloid cells (9), although this has not yet been evidenced directly in functional studies.
Transplantation of human developmental tissues into immunodeficient mice has pinpointed the
origin of definitive haematopoietic stem and progenitor cells (HSPCs) (defined as long-term
multilineage repopulating cells) within the AGM region of embryo at CS14 (~5PCW) (10).
Equivalent cells are subsequently found in the YS at CS16 and in the liver from CS17 (10).
This sequence was also documented by following the transcriptional signature of definitive
HSPCs across organs (11). While the process of definitive HSPC emergence from hemogenic
endothelium (HE) has been reconstructed in human AGM (11, 12), the process by which earlier
progenitors arise in human YS has not been studied. Several key questions about human YS
haematopoiesis remain unanswered: what is the full repertoire of human YS-derived blood
cells, does the Y'S produce limited progenitors or HSPCs, do Y'S progenitors/HSPCs contribute
to long-lived populations such as tissue-resident macrophages, do Y'S progenitors/HSPCs arise

from HE, and what are the extrinsic regulators of this process.

In this study we report a time-resolved atlas of the human Y'S combining single cell multiomics
with 3D light-sheet microscopy and multiplex RNA in situ hybridisation, providing the first
comprehensive depiction of the metabolic and haematopoietic functions of the human YS, as
well as a benchmark for in vitro culture systems aiming to recapitulate early human

development.
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96 Results

97

98  Asingle cell atlas of the human yolk sac

99
100  We performed droplet-based scRNA-seq profiling of human YS, including both membrane and
101  contents, and integrated with external datasets to yield 169,798 high quality cells from 10
102  samples spanning 4-8PCW (CS10-CS23), which can be interrogated on our interactive web
103  portal (https://developmental.cellatlas.io/yolk-sac; password: ys2022) (13) (Fig. 1A-C, S1A-
104 C, Table S1-5). All datasets used for cell state validation, in vitro iPSC culture and cross-
105  species comparisons are shown in Fig. 1A (Table S6-7).
106
107  With iterative graph-based leiden clustering and annotation, the integrated YS scRNA-seq
108 dataset yielded 43 cell types, which we grouped into 15 broad categories including
109 haematopoietic cells, endoderm, mesoderm and mesothelium (Fig. 1B-C, S1B-C, Table S3-
110  5). We consistently apply the term HSPC for cells expressing a core HSPC signature e.g. CD34,
111 SPINK2, HLF, without implying long-term repopulating capacity or multilineage potential.
112 With comparison datasets, unless otherwise specified, we adopt published annotations (Table
113  S6-7). We demonstrate the key marker genes for these broad cell categories, validated by plate-
114  based scRNA-seq (Fig. S1D-E, Table S8, S5) and surface protein expression from CITE-seq
115  analysis of n=2 YS cell suspension (Fig. 1C, S1F-G, Table 9). We used surface protein
116  expression data to construct a decision tree that identified combinatorial antibodies deployable
117  for YS cell type purification and functional characterisation (Fig. S2A). FACS isolation of
118  CD45  cells with high scatter and Smart-seg2 analysis enabled enrichment and validation of
119  YS endoderm, mesothelium and erythroid cells (Fig. S1D-E, Table S8, S5). We generated

120  matched embryonic liver sScRNA-seq data for established and late stage YS at CS18 and CS22-
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121 23 respectively (n=3; n=2 previously reported (9)) (Fig. S2B-F), validated by liver CITE-seq
122  data (Fig. S3A-C, Table S10), which confirmed the presence of pre-macrophages only in YS
123 and discrete B-cell progenitor stages only in the liver (Fig. S1C, S3C). Around half of YS
124 lymphoid cells were progenitors, which terminated in NK and ILC precursor states on force
125  directed graph (FDG) visualisation (Fig. S3D). A small population of cells were termed ‘B
126  lineage’ due to expression of CD19, CD79B and IGLL1. They did not express genes typical of
127 Bl cells (CCR10, CD27, CD5). Given the absence of distinct B cell progenitor stages and their
128 later emergence (>5PCW), these may constitute migratory B cells of fetal liver origin (Fig.
129  S3D-E).

130

131  To facilitate future use of our YS atlas, we employed a low-dimensional logistic regression
132 (LR) framework (see Methods). The trained LR models and weights from trained scVVI models
133 are provided via our interactive web portal to enable mapping of scRNA-seq datasets using
134  CellTypist (14) and transfer learning with single-cell architectural surgery (scArches) (15),
135  respectively. Corresponding cross-tissue projection probability matrices are provided as
136  Supplementary Tables (Table S11-18).

137

138  Using selected marker genes and proteins from our droplet-based datasets (Fig. 1C), we
139  performed 3D visualisation of YS by light sheet microscopy, demonstrating the
140 CD34"PVLAPNLYVEL"® vitelline artery and a CD34°PVLAPPLYVE1" vitelline vein
141  contiguous with a branching network of CD34-PVLAP"LYVE1" vessels within the YS (Fig.
142 1D, Fig. S3F). The LYVE1" vessels localised within HNF4A* endoderm and adjacent to the
143  ECAD* mesothelium (Fig. 1D, S3G-I). Rare IL7R* lymphoid cells, and CD1C*C1QA*"

144  dendritic cells (DCs) were identified within the mesoderm, while ACTA2* smooth muscle cells
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145  surrounded IL33" vessels, forming a sub-layer between mesoderm and SPINK1* endoderm
146  (Fig. 1E, S4A-B).

147

148  Toinvestigate the functional relevance of changes in YS cell composition during development,
149  we next assessed proportional representation of cell states by gestation. In early YS (CS10;
150 ~4PCW) HSPCs, erythroid cells, macrophages and megakaryocytes (MK) were the most
151  prevalent cell types with both HSPCs and MKs proportionately diminished thereafter, while
152  production of erythroid cells and macrophages was sustained. DC and TREM2* microglia-like
153  cells did not emerge until >6PCW (Fig. 1F, Table S4). The ratio of haematopoietic to non-
154  haematopoietic cells was around 3:1 in early YS (CS10; ~4PCW), but with expansion of
155  fibroblasts particularly, the ratio in late YS (CS22-23; ~8PCW) approached 1:3 (Fig. 1F). We
156  performed graph-based differential abundance testing with Milo (16) to assess heterogeneity
157  within cell states by gestation. Both erythroid cells and macrophages had early and late-
158  gestation specific molecular states but MKs were transcriptionally homogenous across
159 gestation (Fig. 1F, Table S19). Early gestation molecular states were characterised by
160  significantly upregulated ribosomal and glycolytic genes (e.g., RPS29, ENO1, LDHB),
161  suggesting a common early burst of translation (Fig. 1F, S4C, Table S4). In contrast, cells at
162 later gestation upregulated specific lineage-defining genes compared to their earlier
163  counterparts (Fig. 1F).

164

165  Multi-organ functions of YS

166

167  To probe the nutritional/metabolic functions of YS, we next focused our SCRNA-seq analysis
168  on the non-haematopoietic cells. We identified an endoderm cell state co-expressing APOAL/2,

169 APOC3and TTR, similar to embryonic/fetal hepatocytes, which was present from gastrulation
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170  (Fig. 2A, S4D, Table S3, S20, S7). Compared with embryonic liver hepatocytes, YS endoderm
171  expressed higher levels of transcripts for serine protease 3 (PRSS3), Glutathione S-Transferase
172 Alpha 2 (GSTA2) and multi-functional protein Galectin 3 (LGALS3), while embryonic liver
173 hepatocytes expressed a more extensive repertoire of detoxification enzymes, including alcohol
174  and aldehyde dehydrogenases (ADH1A, ALDH1A1) and cytochrome P450 enzymes involved
175  in metabolism of steroid hormones and vitamins (CYP3A7), fatty acids (CYP4Al1l) and the
176  conversion of cholesterol to bile acids (CYP27A1) (Fig. S4D, Table S20). YS endoderm and
177  embryonic liver hepatocytes shared gene modules implicated in coagulation and lipid and
178  glucose metabolism (Fig. 2B, Table S21). These modules were also conserved between human
179  and mouse extraembryonic endoderm (Fig. S4E-F, Table S21). We validated in situ the
180 expression of lipid transport (alpha-fetoprotein, albumin and alpha-1-antitrypsin) and
181  coagulation proteins (fibrin) in YS endoderm and embryonic liver hepatocytes (Fig. 2C, D).
182

183  We further explored the gene module ‘coagulation regulation’, conserved between YS and
184 liver, (Table S21) by examining expression of pro- and anticoagulant proteins across samples,
185  grouped by gestational age (Fig. 2D). From the earliest timepoints, YS endoderm expressed
186  components of the F3 (Tissue factor)-activated coagulation pathway, particularly F2
187  (Thrombin) and F10 (Factor X) and anticoagulant proteins SERPINC1 (Antithrombin I11) and
188 PROSL1 (Protein S) (Fig. 2D). Tissue factor, Antithrombin I11 and Fibrinogen subunits were
189  also expressed in mouse extraembryonic endoderm (Fig. S4E). Factors for the intrinsic
190 pathway (triggered by exposed collagen) were minimally expressed in Y'S, but were expressed
191 by embryonic liver hepatocytes (Fig. 2D). Given the importance of Tissue factor in YS
192  angiogenesis (17, 18), it is likely the coagulant and anticoagulant pathways develop in parallel
193  as a means to balance haemostasis.

194
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195 In addition to their metabolic and coagulation functions, YS endoderm cells expressed EPO
196 and THPO that are critical for erythropoiesis and megakaryopoiesis (Fig 2D, S4G). EPO is
197  known to be produced by mouse Y'S endoderm (19), and both growth factors are produced by
198 human FL hepatocytes (9), but their combined presence has not previously been reported in
199  human YS.

200

201  We next investigated how multi-organ functions of YS endoderm change over time. Milo-
202  generated DEGs between early and late YS endoderm neighbourhoods revealed active retinoic
203 acid and lipid metabolic processes until 7PCW, after which genes associated with cell stress
204  and death were expressed (Fig. 2E, Table S22). Collectively, our findings describe a critical
205 role of the human YS to support haematopoiesis, metabolism, coagulation and erythroid cell
206  mass regulation, prior to these functions being taken over by fetal liver, and ultimately, by adult
207  liver (metabolism and coagulation), bone marrow (haematopoiesis) and kidney (erythroid cell
208  mass regulation) (Fig. 2F).

209

210  Primitive versus definitive haematopoiesis in YS and liver

211

212 Whether the YS is a site of definitive haematopoiesis in humans has not been fully resolved
213 (20). Human YS progenitors spanned two groups- HSPC characterised by SPINK2, CYTL1 and
214  HOXBY, and cycling HSPC characterised by cell-cycle associated genes such as MKI67 and
215  TOP2A (Fig. S5A). HSPC and cycling HSPC had the highest probability of class prediction to
216  fetal/embryonic liver HSC and MPP respectively (Fig. S5B). We further identified HSPC sub-
217  states expressing markers characteristic of primitive (DDIT4, SLC2A3, RGS16, LIN28A) and
218  definitive (KIT, ITGA4, CD74, PROCR) HSPCs in human YS/AGM (11), present in both

219  HSPC and cycling HSPC fractions (Fig. 3A-C). Both the primitive and definitive HSPC sub-
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220  states expressed canonical HSPC genes such as SPINK2, HOPX and HLF but diverged in
221  expression of genes involved in multiple processes such as enzymes (GAD1), growth factors
222 (FGF23), adhesion molecules (SELL) and patterning genes (HOXA7) (Fig. 3A, S5C).
223 Differential protein expression in CITE-seq data indicated that CD194 (CCR4), CD357 and
224  CD122 mark primitive HSPCs while CD197 (CCR7), CD193 and CD48 are preferentially
225  expressed on definitive HSPCs (Fig. S5D). We confirmed that an iPSC-derived culture system
226  reported to generate definitive HSPCs did express markers characteristic of definitive HSPCs
227  (11), but an iPSC-derived culture system optimised for macrophage production (21) did not
228 (Fig. 3A). To assess cross tissue HSPC heterogeneity, we integrated HSPCs across
229  hematopoietic organs (see Methods) (Fig. 3C, S5E). By kernel density estimation in integrated
230 UMAP embeddings, YS definitive HPSCs co-localized with definitive HSPCs from age-
231  matched liver (Fig. 3C, S5E). From exclusively primitive HSPCs at ~3PCW, we observed
232 rapid accumulation of definitive HSPCs after AGM development CS14 (~5PCW), likely
233 accounting for the increase in YS HSPC/progenitor fraction at 8PCW (Fig. 1F, 3B, S5F).

234

235  Next, we aimed to establish when the liver takes over from YS haematopoiesis and whether it
236 initially uses primitive or definitive HSPCs. Prior to AGM (and to circulation), the human
237  embryonic liver is macroscopically pale, suggesting that erythropoiesis predominantly occurs
238 inthe YS (Fig. 3D). We tracked the proportional representation of haemoglobin (Hb) subtypes
239  over time as a proxy for YS versus embryonic liver contributions, as the zeta globin chain
240  (HBZ) is restricted to primitive erythroblasts while definitive erythroblasts in fetal liver express
241  gamma globins (HBG1) (22, 23) (Fig. 3E). Our observation of sustained HBZ production in
242 YS, for several days prior to liver bud formation (4 PCW), is consistent with a scenario where
243 YS supports sustained erythropoiesis. The minimal zeta globin expression and expression of

244  HBZ repressors by embryonic liver erythroblasts suggests that embryonic liver erythropoiesis
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245  is predominantly definitive, as we have previously shown (9), and that the transition to liver-
246 dominated erythropoiesis occurs around 8PCW (Fig. 3E). This differs from the situation in
247  mice, whereby immature definitive erythroid progenitors exit the YS and rapidly mature in
248  other sites (24), as evidenced by the macroscopically red appearance of the mouse embryonic
249  liver prior to AGM maturation (Fig. 3D). Tracking Hb subtype usage in the mouse, we noted
250  two waves of erythropoiesis pre-AGM: primitive haematopoiesis in the YS (initially Hbb BH1
251 and Hba X-Hbal) and pro-definitive haematopoiesis mirrored in both YS and torso (Hbb BT1
252 and Hbb BS) (Fig. S5G-I).

253

254  Given the co-existence of primitive and definitive HSPCs in most of our YS samples, we
255  examined an earlier reference (prior to AGM-HSPC derivation) to explore the differentiation
256  potential of primitive HSPCs. At gastrulation (~3PCW), the YS haematopoietic landscape had
257 atripartite differentiation structure, with erythroid, MK and myeloid differentiation (Fig. 3F).
258  This structure was also observed in mouse YS (Fig. S6A-B, Table S13, S5). A differential-
259 fate-prediction analysis demonstrated that primitive HSPCs pre-AGM at CS10-11 (~4PCW)
260  were biased towards myeloid cell fates, however the abundance of differentiating erythroid and
261 MK cells at this point suggests that an earlier wave of erythroid/MK production occurred (Fig.
262 3G, S6C). Post-AGM, the model predicted that remaining primitive HSPCs were
263  erythroid/MK-biased while definitive HSPCs were biased towards lymphoid and MK fates
264  (Fig. 3G). This is in keeping with the first appearance of YS lymphoid cells (ILC progenitors
265 and NK cells, and B lineage cells) post CS14 (Fig. 1F). Differential-fate-prediction analyses
266  revealed that iPSC-derived HSPCs were embryonic erythroid (i.e. erythroid cells expressing
267 HBZ), myeloid and MK-biased whilst definitive iPSC-derived HSPCs were lymphoid, MK,
268  non-embryonic erythroid and myeloid-primed, consistent with the predicted lineage potential

269  of their in vivo primitive and definitive counterparts (Fig. 3H, S6D).
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270  The lifespan of YS HSPCs

271

272 Following predictions that primitive HSPC differentiation potential changes over time, we
273 sought to examine the extrinsic support received by HSPCs across their lifespan. HSPCs arise
274  from hemogenic endothelium (HE) in the aorta, YS, bone marrow, placenta and embryonic
275  head in mice (25-29). In human AGM, definitive HSPCs have recently been shown to emerge
276 from IL33*ALDH1A1™* arterial endothelial cells (AEC) via KCNK17*ALDH1ALl* HE (12).
277  Dissecting YS endothelial cell (EC) states in greater detail, the broad category of PVLAP* ECs
278 included AEC and HE, while LYVEL* ECs encompassed sinusoidal, immature and VWF-
279  expressing ECs (Fig. 4A, S7TA-B, Table S4-5). HE was a transient feature of early YS (Fig.
280 4A). Along inferred trajectories, YS HSPCs appeared to arise from AEC via HE as in AGM
281  (11), sequentially upregulating expected genes such as ALDH1AL1 (30) (Fig. 4B). The same EC
282 intermediate states and transition points could be identified in both iPSC culture systems (Fig.
283 4B, S7C). In keeping with their more recent endothelial origin, we found that YS HSPCs and
284  AGM HSPCs, but not embryonic liver or FBM HSPCs retained an EC gene signature
285  characterised by the expression of KDR, CDH5, ESAM and PLVAP (Fig. 4C)

286

287  Receptor-ligand interactions capable of supporting YS HSPC expansion and maintenance were
288  predicted using CellphoneDB (31). We identified ECs, fibroblasts, smooth muscle cells and
289 endoderm as likely interacting partners (Fig. 4D-E, Table S23). ECs were predicted to
290 maintain and support the HSPC pool through production of stem cell factor (KITLG) and
291 NOTCH 1/2 ligands DLL1 and JAGL1 (32, 33) (Fig. 4D). ECs potentially expand the HSPC
292  pool via FN1 while fibroblasts and smooth muscle cells contribute via CSF1 and WNT5A (34—
293  36) (Fig. 4D). WNT5A may also regulate lineage specification in YS HSPC as non-canonical

294  WNTH5A signalling promotes myelopoiesis at the expense of B lymphopoiesis in mouse (37).
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295 Endoderm is predicted to interact with HSPCs via VTN and THPO, reported to promote
296  haematopoiesis and long-term-HSC-like quiescence, respectively (38, 39) (Fig. 4D).

297

298 Examining change in interactions over time, the key finding was diminishing interactions
299  between CS17-CS23 (4-8PCW) including loss of cytokine and growth factor support, loss of
300 TFGB, WNT and NOTCH?2 signals by all stromal fractions (Fig. 4D-E, S7D, Table S24).
301 Many of these diminishing stromal ligands were still expressed in age-matched liver and AGM
302 stromal cells (Fig. STE, Table S24). Adhesive interactions in YS were also predicted to be
303 significantly modulated (Fig. S7F, Table S24). While aged-matched liver provided
304  opportunities for adhesion with stromal cells, AGM did not (Fig. S7F, Table S24). Interactions
305 gained between CS17 and CS23 included endoderm-derived 1L13 signalling to the TMEM219-
306 encoded receptor implicated in apoptosis-induction (Fig. 4D). While limited conclusions can
307 be made from studying cells that passed quality control for cell viability, we did observe
308 upregulation in pro-apoptotic gene scores in late stage YS HSPCs, both primitive and definitive
309 (Fig. S7G).

310

311  Despite marked change in the stromal environment of later stage YS, the proportion of HSPC
312  to cycling HSPC remained stable (Fig. S5F). Differential lineage priming analysis revealed
313 that very few HSPCs and mostly terminally differentiated cell states remained at CS22-
314  23/8PCW YS (Fig. S6C) Together these observations are in keeping with an early burst of
315  primitive HSPC production from transient YS HE, a later influx of definitive HSPCs derived
316  from AGM, a loss of stromal support between 6-8 PCW, resulting in apoptosis and depletion
317  of remaining HSPCs by terminal differentiation.

318

319
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320 An accelerated route to macrophage production in YS and iPSC culture

321

322 While YS progenitors are restricted to a short time-window in early gestation, mouse models
323  suggest that they contribute to long-lived macrophage populations in some tissues (40). In our
324  YS data, non-progenitor myeloid cells (lacking AZU1, PRTN3 and MPO) included HMGB?2,
325 LYZ and LSP1-expressing promonocytes, pre-macrophages (expression profile below) and
326 C1QA/B/C and MRC macrophages (Fig. S8A). Monocytes were observed only after liver-bud
327  formation and AGM-derived haematopoiesis at CS14 (~5PCW) (Fig. 5A, Fig. S8B). A high
328  probability of class prediction between YS and embryonic liver monocytes was noted (Fig. 5B,
329 Table S12). A sub-population of YS monocytes (Monocyte2) expressed ICAM3, SELL, and
330 PLACS (adhesion molecules expressed by embryonic liver but not YS HSPCs), in keeping with
331  liver-derived monocytes migrating to YS (Fig. 5C). However, sequential waves of
332  monopoiesis occurring within the YS cannot be excluded. YS CITE-seq data confirmed
333  differentiatial expression of CD62L (SELL) and CD14 (CD14) on Monocyte2 compared to
334  Monocytel and identified additional discriminatory markers; e.g., CD15, CD43 for Monocytel
335 and CD9, CD35 for Monocyte2 (Fig. S8C, Table S25).

336

337 The YS pre-macrophage uniquely expressed high levels of PTGS2, MSL1 and SPIA1, as well
338  asexpressing progenitor genes (SPINK2, CD34, SMIM24), macrophage genes (C1QA, MRC1),
339 and CD52 which is typically associated with monocytes (Fig. S8A). This YS pre-macrophage
340 rapidly declined by 5PCW and had no equivalent in embryonic liver (Fig. 5A-B), which led us
341 toinvestigate putative macrophage differentiation trajectories in YS. FDG and partition-based
342  graph abstraction (PAGA) visualisation revealed a direct, monocyte-independent trajectory to
343  YS macrophages prior to CS14 (Fig. 5D). In this pre-AGM trajectory, a transition from cycling

344  HSPC to pre-macrophages, then macrophages (Fig. 5D) supports our predictions that primitive
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345 pre-AGM HSPCs exhibit myeloid bias (Fig. 3G). After CS14, a clear differentiation trajectory
346  from cycling HSPC to monocytes and monocyte-macrophages was seen, but there were few
347  transitional cells connecting to macrophages (Fig. 5D). 15.33% of this macrophage pool was
348 proliferating and CellRank RNA state transition analysis was in keeping with active self-
349  renewal (Fig. S8D).

350

351  To explore how the two YS macrophage differentiation pathways are regulated, we examined
352  differential transcription factor (TF) usage with PySCENIC (Fig. 5E, Table S26). YS pre-
353  macrophages were predicted to use a group of TFs, including FLI1 and MEF2C, that have been
354  reported in the differentiation of multiple lineages (41, 42), whereas the monocyte-dependent
355  route (CMPs, MOP, promonocytes and monocytes) relied on recognised myeloid transcription
356  factors such as SPI11, CEBPA and IRF8 (Fig. 5E).

357

358 TREM2*" macrophages (43), which had a high probability of correlation with fetal brain
359 microglia (44), fetal skin TREM2" (45) and fetal testes TREM2* macrophages (46), were
360 observed in YS only after CS14 (Fig. 5A, 5D, 5F, S8E, Table S18). By FDG, PAGA and
361 CellRank RNA state transition analysis, TREM2* macrophages were closely connected to the
362  self-renewing macrophage population (Fig. 5D, S8D). In situ, YS TREM2* macrophages were
363  adjacent to the mesothelium, in a region enriched by EC (Fig. S8F). CellphoneDB predicted
364 interactions between TREM2* macrophages and VWF* EC, via CXCL8 and NRP1, both of
365 which are involved in angiogenic pathways (47, 48) (Fig. 5G, Table S23). TREM2*
366  macrophages also expressed the purinergic receptor P2RY 12 that supports trafficking towards
367 ATP/ADP-expressing ECs, as reported in mouse CNS (49) (Fig. 5F).

368
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369 In a recent dissection of mouse macrophage heterogeneity across tissues and time, TLF*
370  macrophages (emerging from YS progenitors both directly and via a fetal monocyte
371 intermediate) contributed to long-lived self-renewing tissue macrophage populations, while
372 CCR2* and MHC-II" macrophage pools received continual input from monocytes (50). To
373  explore the contribution of YS-derived macrophages in prenatal human tissues, we interrogated
374  ahuman pan-fetal immune cell atlas (45) to explore the proportion of cells representing each
375 macrophage pool over gestational time (Fig. S8G). TLF* cells first emerged in YS, and were
376  subsequently found in both liver and skin. The proportion of TLF* macrophages decreased
377  over gestational time in all tissues, while the proportion of MHC-11" macrophages increased,
378 particularly after 10PCW. While our data cannot discern whether TLF* macrophages are
379  upregulating an MHC-1I" transcriptional programme or whether TLF* macrophages are being
380 replaced by a second wave of monocyte-derived macrophages, we can conclude that the TLF*
381  signature, temporally consistent with a YS origin, does not persist in humans to the extent
382  observed in mouse (50). TLF" macrophages in fetal liver were found within proliferating
383  Kupftfer cells (‘Kupffer 1’ in Popescu et al (9)). Liver and YS CITE-seq data confirmed protein
384  expression of CD206 and CD163 in TLF* macrophages and further identified CD28, CD49a,
385 TSLPR and CD144 as positive identification markers that are minimally expressed in
386  remaining Kupffer cells (Fig. S8H, Table S27).

387

388  As macrophage differentiation from iPSCs permits high-resolution sampling over time, we
389  sought to establish whether the macrophage subsets and developmental pathways we observed
390  were recapitulated in vitro. To this end, we integrated our YS gene expression data with
391 scRNA-seq data from iPSC-derived macrophage differentiation (n=19; k=50,512) by Alsinet
392 etal (21) after refining the annotations of iPSC-derived cell-states (see Methods) (Fig. SOA-D,

393 Table S14, S5). Non-adherent, CD14-expressing cells appearing after week 2 of differentiation
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394  expressed C1QA, C1QB and APOCL1 in keeping with a macrophage identity, while S100A8/9,
395 FCN1, CD52and CD14-expressing monocytes only emerged after week 3 (Fig. SOA-D). Prior
396 to monocyte emergence, a monocyte-independent macrophage differentiation trajectory was
397 observed, consistent with the observations by Alsinet et al (21) (Fig. 5H, Fig. S9A-D). TF
398 regulatory profiles of iPSC-derived macrophage differentiation were consistent with both pre-
399  macrophage and monocyte-dependent in vivo TF profiles, including usage of MEF2C, SPI1,
400 CEBPA and IRF8 in iPSC-derived pre-macrophages (Fig. 51, Table 26). However, neither
401  system recapitulated TREM2* macrophages suggesting that stromal cells, specifically ECs,
402  may be required to acquire the TREM2* molecular profile.

403

404  Discussion

405

406  Using state-of-the-art single cell multiomic and imaging technologies we delineate the dynamic
407  composition and functions of human YS in vivo from the 3rd post conception week (PCW),
408  when the three embryonic germ layers form, to the 8th PCW when the majority of organ
409  structures are already established (22). We detail how the YS endoderm shares metabolic and
410 biosynthetic functions with liver and erythropoiesis-stimulating functions with liver and
411  kidney. In part, this shared functionality may relate to a common role in creating a niche for
412  haematopoiesis (51). Unlike in mice, where primitive erythroid progenitors mature in the YS
413  (prior to circulation being established) but erythromyeloid progenitors can exit the YS and
414  mature in the fetal liver, we show that active differentiation of erythroid and macrophage cells
415  occurs for several weeks in human YS, prior to liver handover. The multi-organ functions,
416 including extended haematopoiesis, of human YS may be an evolutionary adaptation to the

417  longer gestation in humans. While an earlier study in humans, based on colony assays,
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418  suggested that the transition from Y'S to liver occurred at SPCW, no YS samples were studied
419  after this point (52).

420

421  The developmental window investigated here encompasses haematopoiesis from HSPCs
422  arising both within the YS and within the embryo proper. We reconstruct YS HSPCs
423  emergence from a temporally-restricted HE, featuring similar transition states and molecular
424  regulation to AGM HSPCs. By gastrulation (CS7; ~3PCW), YS HSPCs already differentiate
425  into primitive erythroid, MK and myeloid lineages. Building on a recent compilation of gene
426  scorecards that characterise primitive and definitive HSPCs (11), we were able to parse the two
427  fractions and document transition to definitive HSPC-dominance after CS14 (~5PCW). This
428  separation also allowed us to identify a primitive HSPC bias towards myeloid, erythroid and
429  megakaryocyte lineages and a definitive HSPCs bias towards megakaryocyte and lymphoid
430 lineages. Both primitive and definitive HSPCs in the YS became more quiescent and
431  upregulated apoptosis-related genes between CS17 and CS23 (~6-8PCW). Stromal cell ligands
432  predicted to support HSPCs were markedly disrupted during this time, suggesting that the
433 Dbarriers to the survival of YS HSPCS may be extrinsic.

434

435  Primitive HSPCs uniquely employ an accelerated route to macrophage production independent
436  of monocytes. The monocyte-dependent route may provide more tunable macrophage
437  production via circulating innate immune cells to facilitate macrophage regeneration in
438  response to tissue damage, inflammation or infection. While both primitive and definitive
439  HSPCs, ‘accelerated’ and monocyte-dependent macrophages were recapitulated during in
440  vitro differentiation of iPSCs, TREM2* macrophages were not. TREM2* macrophages, which
441  are transcriptionally aligned with brain microglia, fetal skin, testes and AGM TREM2*

442  macrophages, were predicted to interact with endothelial cells, potentially supporting

18
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angiogenesis as described in mouse brain (44). Benchmarking of in vitro cultures against in
vivo cell states and trajectories can facilitate more faithful replication of early blood and

immune cells.

There is a growing appreciation of the potentially life-long consequences of early
developmental processes. Our study illuminates a previously obscure phase of human
development, where vital organismal functions are delivered by a transient extraembryonic
organ employing non-canonical cellular differentiation paths. It will be fascinating to explore

how these processes may impact on tissue homeostasis and disease across the human lifespan.
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Accessions for published data reused in this study are detailed comprehensively in Table S6.
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798  Processed single cell datasets and supplementary tables are available for interactive

799  exploration and download as well as corresponding trained scVI and logistic regression

800 models via our interactive web portal (https://developmental.cellatlas.io/yolk-sac; password:
801 ys2022). Of note, data on portals are best used for rapid visualisation - for formal analysis it
802 is recommended to follow our GitHub code.

803

804  All code for reproducibility and trained logistic regression models of analysis is available at
805  https://github.com/haniffalab/FCA_yolkSac

806
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813  Fig. 1: A single cell atlas of the human yolk sac

814  (A) Summary of data included in analyses. Squares represent data generated for this study and
815  circles represent published datasets: YS (9, 11, 45, 53), AGM (11), liver (9), fetal BM (54),
816  fetal brain (44), fetal skin (45), fetal kidney (55), fetal gonads (46), mouse (56), iPSC (11, 21).
817  Shape colour indicates the assay used to generate data (Table S6).

818 (B) UMAP visualisation of YS scRNA-seq data (n=10 independent biological replicates;
819  k=169,798), with colours representing broad cell states: DC= dendritic cell, Mac= macrophage,
820 MEM= megakaryocyte-erythroid-mast cell lineage, MK= megakaryocyte, pre.= precursor.
821 Insert shows the same UMAP coloured by YS tissue layer (Table S5).

822 (C) Left: Dot plot showing the expression level (by colour) and percent expression (by dot
823  size) of broad cell state-defining genes in SCRNA-seq data as shown in b, with data scaled to a
824  maximum value=1. Right: Dot plot showing equivalent protein expression (by colour) and
825  percent expression (by dot size) of broad cell states from n=2 biologically independent YS
826 CITE-seq samples, with data scaled zero_centre=False. * indicates genes validated by
827 RNAscope and ** indicates equivalent proteins validated by IHC/IF (Table S4).

828 (D) Light-sheet fluorescence microscopy images of YS. Left: CD34* and LYVEL* vascular
829  structures (representative ~6.9PCW sample; scale bar=500um; Movie S1-2). Right: Location
830 of LYVE1l" vascular structures within HNF4A* endoderm and adjacent to ECAD?*
831  mesothelium (representative ~5.7PCW sample; scale bar=400um).

832 (E) RNAscope images of YS, showing a representative 8PCW sample. Top: demonstrating
833  endoderm (SPINK1), smooth muscle (ACTA2), AEC (IL33) and macrophages (C1QA) (scale
834  bar=200um). Bottom: demonstrating DCs (CD1C; yellow arrow), macrophages (C1QA;
835 magenta arrow), mac-DCs (CD1C*C1QA*; white arrow) and lymphoid cells (IL7R; green
836  arrow) (scale bar=50um).

837  (F) Left: Bar graph showing the proportional representation of broad cell states to YS scRNA-
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seq data grouped by gestational age in PCW. Right: Milo beeswarm plot showing differential
abundance of YS scRNA-seq neighbourhoods across time, where blue neighbourhoods are
significantly enriched (SpatialFDR<0.1,logFC<0) early in gestation (CS10-11), red
neighbourhoods are enriched later (CS22-23) (SpatialFDR<0.1,logFC>0) and colour intensity
denotes degree of significance. Abbreviations: as per (b) and MOP= monocyte progenitor and

pre= precursor (Table S19).
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853  Fig. 2: Multi-organ functions of YS

854  (A) Dot plot showing the expression level (colour scale) and percent expression (dot size) of
855 DEGs in YS (main and gastrulation (gastr.) data) stromal cell states, matched embryonic, fetal
856 and adult liver stromal cell states and iPSC stromal cell states (21) (Table S3, 20, 7). All
857  datasets independently scaled to max value=10 and then combined, except YS and matched
858 EL scRNA-seq data which were scaled together. Genes involved in endoderm metabolic
859  function are grouped.

860  (B) Flower plot of the significant pathways upregulated in YS endoderm (pink), embryonic
861 liver (EL) hepatocytes (blue) and conserved across both tissues (green). Lines indicate
862  connected nodes of expression (Table S21).

863 (C) Left and middle: IHC staining of alpha fetoprotein (AFP), albumin (ALB) and alpha-1
864  antitrypsin (SERPINA1L) in 8PCW YS, 8PCW EL and healthy adult liver. Representative
865  images from 1 of n=5 biological independent YS (4-8PCW), 1 of n=3 biologically independent
866 ELs (7-8PCW) and 1 of n=3 biologically independent adult livers. Scale bar=100um. Right:
867 MSB-stained 8PCW EL (representative of n=3 biologically independent samples) and 4PCW
868 YS (representative of n=3 biologically independent samples). Nuclei (grey), erythroid
869  (yellow), fibrin (red), and connective tissue (blue). See ‘Immunohistochemistry’ section in
870  Methods for details regarding pseudo-colouring shown. Scale bars=100um.

871 (D) Dot plot showing the expression level (colour scale) and percent expression (dot size) of
872  haemostasis factors expressed by Y'S endoderm (main and gastrula data), embryonic, fetal and
873  adult liver hepatocytes, and endoderm from fetal kidney (55). Grouped by pathway and role.
874  All datasets independently scaled to max value=10 and then combined, except Y'S and matched

875 EL scRNA-seq data which were scaled together.
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(E) Matrix heatmap of Milo-generated DEGs in endoderm from YS scRNA-seq including
gastrulation datasets (Table S19). DEGs are grouped by function. Each dataset scaled zero
centre=False and YS endoderm standard scale="var’.

(F) Schematic of the relative contribution of YS (orange), EL (blue), BM (purple) to
haematopoiesis, coagulation factors and EPO synthesis in the first trimester of human

development.
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886  Fig. 3: Primitive versus definitive haematopoiesis in YS and liver

887 (A) Dot plot showing the mean variance scaled expression level (colour scale) and percent
888  expression (dot size) of canonical, primitive and definitive, and patterning HSC markers
889  expressed between YS HSPCs, including gastrulation (57), AGM HSPC (58), matched EL
890 HSC, FL HSC (9), fetal BM HSC/MPP (54), iPSC-derived HSPC (21) and definitive iPSC-
891  derived HSPC (11).

892  (B) Bar graph showing the proportional representation of primitive YS HSPCs to definitive YS
893  HSPCs in the main YS scRNA-seq data (grouped by gestational age in PCW).

894  (C) Density plots showing the distribution of YS HSPC (top), cycling HSPC (bottom) with
895  primitive (left) and definitive signatures (right) in the integrated UMAP landscape of
896 HSPC/HSCs from YS including gastrulation (n=10, k=2,597), AGM (58) (n=1, k=28),
897  matched embryonic liver (EL) (n=3, k=412), fetal liver (FL) (9), fetal bone marrow (54) (FBM)
898 (n=9, k=92), iPSC-derived HSPC (21) and definitive iPSC-derived HSPC (11) scRNA-seq
899  datasets. Colour of HSC/HSPC cells represents the z-scored kernel density estimation (KDE)
900 score for each population (Table S5).

901 (D) Image of a ~4PCW/CS12 human embryo (top; representative from n=4 biologically
902 independent samples) and ~E10.5/CS12 mouse embryo (bottom; n=1) with the heart and liver
903 labelled.

904 (E) Line graphs showing the relative change in proportion of erythroid lineage cells (y-axis)
905 enriched in expression of globins over gestational age, including HBZ, HBG1 and HBZ-
906  repressors BCL11A and ZBTB7A. Pink lines= human YS main and gastrulation sSCRNA-seq
907 data. Red lines= matched scRNA-seq data. Globins are grouped by their role in primitive
908 haematopoiesis, definitive haematopoiesis and repression.

909 (F) Force directed graph (FDG) visualisation of haematopoietic cell states in the YS scRNA-

910 seq dataset (n=8, k=98,738; dots) integrated with human gastrulation (57) scRNA-seq dataset
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911 (n=1, k=91, triangles) (left), and equivalent cell states found in the mouse gastrulation SCRNA-
912  seq dataset (56) (n=28, k=4,717; dots) (right). Colours represent cell states and clouds mark
913  lineages

914  (G) Circular plots showing relative absorption probabilities of lineage-state transition between
915  primitive HSPCs in the YS pre-AGM (CS10-11) (left) and primitive and definitive HSPCs in
916 the YS post-AGM (>CS14) (right). Colour indicates the HSPC population density as a z-scored
917  kernel density estimation (KDE) score and the position of HSPC population densities indicate
918  respective lineage priming probability between Macrophage, lymphoid (NK and B lineage),
919 erythroid and MK terminal states.

920 (H) Circular plots showing relative absorption probabilities of lineage-state transition between
921  iPSC-derived HSPCs (left) and definitive iPSC-derived HSPCs (right). Colour indicates the
922  HSPC population density as a z-scored kernel density estimation (KDE) score and the position
923 of HSPC population densities indicate respective lineage priming probability between
924  Macrophage, lymphoid (NK and B lineage), erythroid (any erythroid cell with individual Z-
925 score of HBA1,HBA2,HBG1,HBG2,HBD > 0), embryonic erythroid (any erythroid cell with
926 HBZ Z-score > 0) and MK terminal states.
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936 Fig. 4: The lifespan of YS HSPCs

937 (A) Barplot showing the relative proportion of Y'S endothelial cell subsets grouped by PCW.
938 (B) FDG overlaid with PAGA showing trajectory of HE transition to HSPC in YS scRNA-seq
939 data (n=3; CS10, 11 and 14; k=2,262) (top) and iPSC-derived HSPC scRNA-seq data (n=7,
940 k=437) (21) (bottom), with feature plots of key genes (IL33, ALDH1A1) involved in endothelial
941  to hemogenic transition (Table S5).

942 (C) Dot plot showing the expression level (colour scale) and percent expression (dot size) of
943  genes associated with endothelial cells in HSPCs from Y'S (including gastrulation) sScRNA-seq,
944  AGM (11), matched EL (embryonic liver), FL (fetal liver) (9) and fetal bone marrow BM (32).
945 (D) Heatmap showing relative mean expression z-scores of curated and statistically significant
946  (p<0.05) CellphoneDB putative receptor ligand interactions between YS endothelial subsets vs
947  HSPC across gestation. Growth factor, TGF beta and NOTCH ligand receptor -related gene
948 interactions have been highlighted.

949 (E) Schematic of selected and statistically significant (p<0.05) CellphoneDB putative receptor
950 ligand interactions between YS HSPC vs endoderm, fibroblasts (Fib), smooth muscle cells
951 (SMC) and endothelial cells (EC) in scRNA-seq data. Receptors and ligands in italics
952  significantly decrease CS17-12 (6-8PCW). See CellPhoneDB methods and Table S23-24.
953

954

955

956

957
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958  Fig. 5: Accelerated macrophage production in YS and iPSC culture

959  (A) Left: Line graph showing the proportion of monocyte progenitors (MOP), promonocytes
960  (pro mono), monocytes (mono) and pre macrophage (pre mac) in yolk sac (YS) over gestational
961 age. Dashed line indicates the stage before (left) and after (right) AGM involvement. Middle:
962 Milo beeswarm plot showing differential abundance of YS scRNA-seq myeloid
963  neighbourhoods across time, where blue neighbourhoods are significantly enriched
964  (SpatialFDR<0.1,logFC<0) early in gestation (CS10), red neighbourhoods are enriched later
965 (CS23) (SpatialFDR<0.1,logFC>0) and colour intensity denotes degree of significance.
966 HSPC= haematopoietic stem and progenitor cells, CMP= common myeloid progenitors,
967 MEMP= mast, erythroid and megakaryocyte progenitors, LMPP= lymphoid-primed
968 multipotent progenitors, inn. lymph. prog.= innate lymphoid progenitor, MOP= monocyte
969  progenitor, mono= monocyte, mac=macrophage Prog.= progenitor, pre=, precursor, MK=
970 megakaryocyte (Table S19, 4). Right: Bar graph showing the proportional representation of
971  myeloid cell states in YS scRNA-seq data grouped by gestational age in PCW.

972  (B) Median logistic regression class prediction probabilities for a model trained on YS scRNA-
973  seq myeloid cell states (x-axis) projected onto equivalent cell states in matched embryonic liver
974  (EL) scRNA-seq (y-axis)(Table S12).

975 (C) Dot plot showing the expression level (colour scale) and percent expression (dot size) of
976 DEGs and known monocyte markers in YS myeloid cell states shown in b compared to
977 matched EL monocytes (standard scale="var’) (Table S28).

978 (D) Left: FDG overlaid with PAGA showing monocyte-independent trajectory from YS
979  scRNA-seq HSPC to macrophage prior to CS14 (pre-AGM; n=2; k=3,561; top) and monocyte-
980 dependent trajectory to macrophage after CS14 (post-AGM; n=6; k=35,962; bottom). Left:
981  Coloured by cell state. HSPC, haematopoietic stem cell; CMP, common myeloid progenitor;

982  MOP, monocyte progenitor (Table S5). Right: CellRank state transition matrix inferred arrows
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983  projected onto FDG indicate the trend of trajectory, and colour shows z-score enrichment in
984  cycling module (GO:0007049) genes.
985 (E) Matrix heatmap showing the pySCENIC-derived regulons associated with the YS
986  macrophage trajectories as shown in d for monocyte-independent, and monocyte-independent
987  routes of differentiation.
988 (F) Dot plot showing the level (colour scale) and percent expression (dot size) of macrophage
989 and microglia markers within the YS scRNA-seq monocyte and macrophage lineage in
990 comparison to microglia, microglia-like and macrophage cell states in AGM (11), fetal skin
991  (45), fetal gonads (46) and fetal brain (44). Fetal brain, skin and gonad cell states annotated in-
992  house using LR output provided in Fig. S8E. Each dataset was scaled independently to a
993  max_value = 10 then combined for plotting (Table S18).
994  nocyte-dependent trajectories in the YS scRNA-seq dataset (including gastrulation).
995 (G) Heatmap visualisation of CellphoneDB predicted interactions between TREM2*
996 microglia-like and endothelial cell states in the YS scRNA-seq (Table S23). Colour scale
997  represents z-scored mean expression values of each gene pair.
998 (H) FDG overlaid with PAGA showing monocyte-independent trajectory from iPSC scRNA-
999 seq (21) AEC to macrophage prior to D21 (n=5; k=779; left) and monocyte-dependent
1000 trajectory to macrophage after D21 (n=7; k=8,553; right). Arrows indicate the trend of
1001 trajectory. Coloured by cell state (Table S7, S5).
1002 (1) Matrix heatmap showing the pySCENIC-derived regulons associated with the iPSC
1003  macrophage trajectories as shown in i for the iPSC scRNA-seq dataset (21).
1004
1005
1006

1007
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