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Abstract

The cytokine erythropoietin (EPO) is a potent inducer of erythrocyte development and
one of the most prescribed biopharmaceuticals. The action of EPO on erythroid
progenitor cells is well established, but its direct action on hematopoietic stem and
progenitor cells (HSPCs) is still debated. Here, using cellular barcoding, we traced the
differentiation of hundreds of single murine HSPCs, after ex vivo EPO-exposure and
transplantation, in five different hematopoietic cell lineages, and observed the transient
occurrence of high-output Myeloid-Erythroid-megaKaryocyte (MEK)-biased and
Myeloid-B-cell-Dendritic cell (MBDC)-biased clones. Single-cell RNA sequencing
(ScRNAseq) analysis of ex vivo EPO-exposed HSPCs revealed that EPO induced the
upregulation of erythroid associated genes in a subset of HSPCs, overlapping with
multipotent progenitor (MPP) 1 and MPP2. Transplantation of Barcoded EPO-
exposed-MPP2 confirmed their enrichment in Myeloid-Erythroid-biased clones.
Collectively, our data show that EPO does act directly on MPP independent of the

niche, and modulates fate by remodeling the clonal composition of the MPP pool.

Introduction

Erythrocytes are the most numerous hematopoietic cells in our body and are constantly
renewed'. The major inducer of erythroid cell development in steady state and anemic
conditions is the cytokine EPO?. Recombinant EPO is widely used to treat anemia and
is one of the most sold biopharmaceuticals3. Previously, EPO was thought to solely
target erythroid-committed progenitors and induce their increased proliferation and
survival via the EPO receptor (EPOR)*. Recently, EPO has also been suggested to act

on HSPCs 52, but the nature of EPO’s effect on HSPC fate remains unresolved


https://doi.org/10.1101/2020.04.20.050146

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.20.050146; this version posted January 27, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

despite potential adverse side effects during long-term EPO usage in the clinics and
associations of high EPO levels with leukemias™3-15.

It is well established that EPO can induce HSPCs to cycle, as evidenced by a number
of bulk and single cell studies in vitro and in vivo®>128911 |t's role in modulating HSPC
fate is less clear however, with a lack of studies that functionally assess HSPC fate at
the single cell level in vivo, and analyze the direct effect of EPO on HSPCs, and not
the effect of the surrounding niche. More specifically, the upregulation of erythroid
associated genes in HSPC (LSK CD150" FIt3- CD48") in response to in vivo EPO has
been observed with bulk transcriptomics', suggesting that HSPCs deviate their fate
toward erythroid production. Recent SCRNAseq analysis observed different changes
of lineage-associated gene expressions after in vivo EPO-exposure of HSPCs®2. As
changes of gene expression do not necessarily result in cell fate modification™,
functional validations in vivo are necessary. In one study such functional validation was
performed using bulk transplantation of in vivo EPO-exposed HSPCs (LSK CD150*
FIt3-)’. This study showed increased erythroid production and decreased myeloid cell
production, concluding that EPO deviates the fate of HSPCs in favor of erythroid
production. As EPO has also been shown to target hematopoietic niche cells
(osteoblasts and osteocytes'®'® endothelial cells'”'6, adipocytes'®'®, and
mesenchymal stem cells®20), it remains however still unclear whether EPO acts directly
on HSPCs, via their environment, or both.

It is now established that HSPCs encompass cells with different long-term
reconstitution capacity after transplantation, as well as a heterogeneous output in
terms of quantity (lineage-bias) and type of cells (lineage-restriction)?'-28. Recently, the
HSPC compartment was subdivided into long-term hematopoietic stem cells (LT-HSC)

and different multipotent progenitors (MPP) (MPP1-42°30) with variation around the
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phenotypic definition3!. Interestingly, HSPC composition responds to irradiation with
HSC transiently self-renewing less and increasing their production of MPP2-33'. In the
case of EPO, conflicting results suggest that either HSC or MPP respond to EPQO 891
but the difference in HSPC definition and the lack of functional validation make it
difficult to compare these studies. As HSPCs are functionally heterogeneous, and the
current phenotypic definition partially capture this heterogeneity, a single cell in vivo
lineage tracing approach is needed to assess whether EPO can influence HSPC fate
decisions.

To analyze the functional effect of EPO on the differentiation of individual HSPCs (C-
Kit" Sca1®™ CD150" FIt3") removing the effect of the niche, we here utilized cellular
barcoding technology which allowed us to trace the progeny of hundreds of single
HSPCs in vivo. By analyzing cellular barcodes in five mature hematopoietic lineages
and HSPCs, we observed transient induction of high-output MEK-biased barcode
clones compensated by MBDC-biased clones after ex vivo EPO-exposure. SCRNAseq
of ex vivo EPO-exposed HSPCs revealed upregulation of erythroid associated genes
in a subset of the compartment with overlap to gene signatures of MPP1 (C-Kit* Sca1*
FIt3- CD150* CD48- CD34*), and MPP2 (C-Kit* Sca1* FIt3- CD150* CD48*)%*%2% and not
of LT-HSCs (C-Kit" Sca1* FIt3- CD150* CD48 - CD34"). Transplantation of barcoded
MPP2 confirmed their enrichment in ME-biased clones in response to EPO. Moreover,
the increased contribution of biased HSPC clones to the mature cell lineages after
EPO-exposure did not match their frequency in HSPCs, indicating that they were
differentiating more than self-renewing, a property associated to multipotent
progenitors. The transient effect of EPO on HSPCs further corroborates an action of
EPO on MPP1/2 rather than LT-HSCs. Altogether our results are consistent with a

model in which perturbations induce clonal remodeling of HSPC contributing to


https://doi.org/10.1101/2020.04.20.050146

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.20.050146; this version posted January 27, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

100  hematopoiesis, with biased MPPs transiently contributing more than LT-HSC. They
101  also demonstrate a direct effect of EPO on MPPs after transplantation with implications
102  for basic HSC research and therapeutic applications in the clinic.

103

104 Results

105 EPO-exposure induces biases in single HSPCs. Given the debate surrounding
106  which HSPC subset is responding to EPO, we decided to analyzed the direct effect of
107 EPO on the differentiation of HSPCs defined as C-Kit" Scal1* FIt3- CD150*
108  (encompassing LT-HSC (C-Kit* Sca1* FIt3- CD150* CD48- CD34"), MPP1 (C-Kit*
109  Scal1*Flt3- CD150* CD48  CD34*), and MPP2 (C-Kit* Sca1* FIt3- CD150* CD48%)30.29)
110  atthe single cell level by cellular barcoding. To this purpose, we generated a new high-
111 diversity lentiviral barcode library (LG2.2, 18,026 barcodes in reference list), consisting
112 of random 20 nucleotides sequences positioned adjacent to the green fluorescent
113 protein (GFP) gene, enabling the tracking of many individual cells in parallel. Using this
114 LG2.2 library, we labeled single HSPCs (Figure 1- figure supplement 1a) with unique
115 genetic barcodes as previously described®?, exposed them to EPO (1,000 ng/ml) or
116  PBS for 16 hours ex vivo and transplanted around 2,600 cells (Mean 2,684 cells +/-
117 175 cells) of which around 10% barcoded cells into irradiated mice (Figure 1a). Note
118 that HSPCs kept their sorting phenotype after ex vivo culture albeit a slight
119  downregulation of C-Kit* and FIt3 (Figure 1 — figure supplement 1f). At day 30 after
120  transplantation, the earliest timepoint at which HSPCs produce simultaneously
121  erythroid, myeloid and lymphoid cells®, barcoded (GFP*) erythroblasts (E; Ter119*
122 CD44***), myeloid cells (M; Ter119-CD19- CD11c CD11b*), and B-cells (B; Ter119-
123 CD19%) (Figure 1 — figure supplement 1b-c, €) were sorted from the spleen and their

124 barcode identity assessed through PCR and deep-sequencing. Note that bone and
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125  spleen had similar barcoding profiles (Figure 1 — figure supplement 2). No difference
126  in chimerism was observed between the EPO and control group in the spleen and
127  blood, even when mTdTomato/mGFP donor mice were used to better assess the
128  erythroid lineage (Figure 1b-c). On average, we detected around eighty barcodes per
129  mouse, of which most were detected in several lineages (Figure 1d). Comparison of
130  the numbers of barcodes producing each lineage showed that EPO-exposure resulted
131 in the same number of engrafting and differentiating cells as in control (Figure 1d).
132 Notably, the number of erythroid restricted cells remained stable in the EPO group as
133 compared to control (Figure 1e), indicating that the response to EPO is more complex
134 than a direct instruction of erythroid-restricted HSPCs.

135 To quantify the effect of EPO on HSPC lineage-biases, barcode-labeled HSPCs were
136  classified based on the balance of their cellular output in the M, B and E lineages. With
137  this classification using a 10% threshold, cells classify for example as ME-biased if
138  they have above 10% of their output in the M and E lineage, and under 10% of their
139  outputin the B lineage (Figure 1e other thresholds in Figure 1 — figure supplement 3b).
140 Interestingly, application of this classification revealed that although the proportion of
141 lineage-biased HSPCs in control and EPO group was similar (Figure 1f), their
142 contribution to the different lineages was increased by EPO-exposure (Figure 1g). In
143 the control group, balanced HSPCs (MBE) produced the majority of all lineages, as
144  previously published?*®. In the EPO group, ME- and MB-biased clones produced most
145  cells of the analyzed lineages (Figure 1g). ME-biased HSPCs produced the maijority of
146  erythroid cells (57% +/- 10%), MB-biased HSPCs produced the majority of B-cells
147  (58% +/- 36%), and ME- and MB-biased clones contributed the majority of myeloid
148  cells (MB-biased 45% +/- 38% and ME-biased 20% +/- 13%, together 65% +/- 25%).

149  To test the significance of this effect, we used a permutation test, which compares the
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150 effect size between control and EPO group to the one of all random groupings of
151  mice*’. The contributions of the ME- and of the MB-biased HSPC classes to the
152  different lineages were significantly different in EPO and control groups (Table 1).
153 These results were reproduced in an additional experiment (Figure 1 — figure
154  supplement 3c-f, Supplementary File 1). A lower EPO concentration (160 ng/ml) as
155  well as an additional single injection of EPO (133 ug/kg) during transplantation gave
156  similar results (Figure 2, Figure 2 — figure supplement 1a, Table 1). Also at six weeks
157  post transplantation, similar results were obtained (Figure 1 — figure supplement 4,
158  Supplementary File 1). In summary, ex vivo EPO priming of HSPCs modified the output
159  balance of HSPCs rather than the number of lineage-restricted and -biased cells.
160 Balanced clones produced a smaller percentage of the mature cells; ME-biased
161 HSPCs produced most of the erythroid cells and MB-biased HSPCs produced most of
162  the B cells.

163

164  Contribution of ME- and MB-biased HSPCs to the DC and MkP lineage. To further
165 characterize the cells produced by the ME-biased and MB-biased HSPCs, we repeated
166  our experimental setup including the analysis of the megakaryocyte and dendritic cell
167 (DC) lineages (Figure 3). Megakaryocyte Progenitors (MkP) were chosen as proxy for
168 the production of platelets which are not suitable for barcode analysis. Barcoded
169 (GFP*) DCs (DC; Donor Ter119-CD19-CD11c* CD11b") and MkP (MkP; C-Kit* Sca-1-
170  CD150* CD41*) (Figure 1 — figure supplement 1c-e) were sorted together with M, E,
171  and B cells, 4 weeks after transplantation of control or EPO-exposed HSPCs (1,000
172 ng/ml). In both groups, the majority of clones produced also DCs (Figure 3a). In the
173 control group, balanced HSPCs produced the majority of DCs (65% +/- 9%) (Figure

174  3b). However, in the EPO group, balanced HSPCs decreased their contribution to the
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175 DC lineage (36% +/-25%) and MB-biased HSPCs significantly increased their
176  contribution (86% +/- 43% EPO vs 22% +/- 11% control group) (Figure 3b, Table 1),
177  thus, they were MBDC-biased HSPCs. In contrast the ME-biased HSPCs produced
178  few DCs in both groups (Figure 3b), indicating that ME-biased HSPCs are restricted
179  both in their B and DC production compared to the M and E production.

180  The majority of the MkP production came from the ME-biased HSPCs in both groups
181  (58% +/- 21% control and 55% +/- 14% EPO group, Figure 3c-d), indicating that ME-
182  biased HSPCs were also MkP-biased HSPCs (thus MEK-biased). We did not detect a
183  high contribution of MkP-restricted HSPCs?%2448 to the MKP lineage (Figure 3d).
184  Finally, as high EPO-exposure has been linked to changes in macrophage numbers4%-
185 % we analyzed the contribution of control and EPO-exposed HSPCs to the myeloid
186 lineage in more detail, but could not detect changes in the percentage of the different
187  myeloid subsets produced (Figure 3 — figure supplement 1a-c).

188

189  Effect of EPO on short-term HSPC self-renewal. In light of previous studies which
190  suggested changes in HSPC proliferation after in vivo EPO-exposure® 128911 we next
191 explored if the short-term self-renewal capacity of HSPCs was impacted. To this end,
192  we analyzed barcodes in bone marrow HSPCs in addition to the spleen E, M, and B
193 lineages at week 4 after transplantation of control or EPO-exposed HSPCs (160 and
194 1,000 ng/ml) (Figure 4). We reasoned that barcodes of HSPCs differentiating and
195  short-term self-renewing (dividing to give rise to other HSPCs) after transplantation are
196 detected in both compartments, while detection in only HSPCs or mature lineages
197 indicates a prevalence of short-term self-renewal or differentiation respectively. Most
198  of the barcodes detected in HSPCs overlapped with barcodes in the mature cells

199  (Figure 4b left) in both the control and two EPO groups, showing that most of the


https://doi.org/10.1101/2020.04.20.050146

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.20.050146; this version posted January 27, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

200 transplanted cells had given rise to other HSPCs and differentiated irrespective of the
201 treatment. Some barcodes were only detected in mature cells (Figure 4b right),
202 indicating that some HSPCs had only differentiated or were below the limit of detection.
203  These HSPCs were equally abundant in the control and two EPO groups (Figure 4b
204 right).

205 To analyze if different lineage biases correlated to different short-term self-renewal
206 capacity, we analyzed the proportion of biased HSPC classes, as previously defined,
207  within the HSPC compartment (Figure 4c). In the control group, balanced and ME-
208  biased HSPCs contributed most to the HSPC reads (34% +/- 36% MBE and 37% +/-
209  34% ME-biased HSPCs), while barcodes of MB-biased HSPCs contributed less (15%
210  +/- 32%) (Figure 4c), a trend that has been previously described®%825. Surprisingly,
211  the pattern of contributions of different biased HSPC subsets to HSPC reads was
212 unchanged in the EPO groups (Figure 4c), implying that the extent of short-term self-
213 renewal was unchanged after ex vivo EPO-exposure.

214  To study if the increased production of cells by the ME- and MB-biased HSPCs to the
215  mature cells observed after ex vivo EPO-exposure (Figure 1-3) correlated with short-
216 term self-renewal capacity of HSPCs, we analyzed the contribution of barcodes
217  detected or not in HSPCs to the E, M, and B lineages (Figure 4d). In the control group,
218 the majority of mature cells were derived from barcodes also present in HSPCs.
219  However, in both EPO groups, the contribution of barcodes detected in HSPCs to
220  mature cells was significantly lower (Figure 4d, Table 1) implying that the increased
221  contribution of biased HSPC classes to the mature cell lineages after ex vivo EPO-
222  exposure was most likely caused by cells differentiating more than short-term self-
223 renewing.

224
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225 EPO-exposure induces an erythroid program in a subgroup of HSPCs. To further
226  characterize the effect of EPO-exposure on HSPCs, we performed scRNAseq of
227  barcoded C-Kit" Sca1* FIt3- CD1507 cells after ex vivo culture in medium supplemented
228  with EPO or PBS using the 10X Genomics Chromium platform. 1,706 cells from control
229  and 1,595 cells from the EPO group passed our quality control. To compare the HSPCs
230 injected with non-cultured hematopoietic cells, we generated a reference map of
231 44,802 C-kit* cells from*? and used published signatures as detailed in the
232 supplementary materials and methods3'#® to annotate this map (Figure 5 — figure
233 supplement 1a,b and e,f). Projection of our single cell data on this map showed that
234 both the control and the EPO-exposed HSPCs similarly overlapped with non-MPP4
235 LSK cells, according to their sorting phenotype (Figure 5 — figure supplement 1ef).
236  These results indicate that neither the ex vivo culture itself nor the EPO treatment
237  dramatically affected the global identity of the sorted HSPCs.

238  When comparing the EPO and control group, we found 1,176 differentially expressed
239  genes (Figure 5a and Supplementary File 2) and this number was significantly higher
240  than the number expected due to chance (p-value=0,01) as assessed by permutation
241  testing. Among the most upregulated genes in the EPO-exposed HSPCs, were genes
242 with erythroid association as Hbb-bs, Erdr1, Wtap, Kmt2d, or Nfia*®®, and GATA1
243  targets (Abhd2, Cbx3, Kdelr2, Pfas), cell cycle related genes (Tubbb, Hist1h2ap) as
244  well as genes previously described to be induced in HSPCs after in vivo EPO-
245  exposure, such as Bmp2k® and Ifitm1® (Figure 5a). Genes involved in stem cell
246  maintenance, such as Serpina3g, Mecom, Txnip, Meis1, Pdzk1ip18, Sqstm10,
247  Smad7%', Aes®?, were among the most downregulated genes in the EPO-exposed

248  HSPCs (Figure 5a).

10
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249  As our cellular barcoding data suggests that single HSPCs differ in their response to
250 EPO, we assessed the heterogeneity of EPO responses at the transcriptomic level.
251  UMAP-based visualization of the data suggested that a subgroup of EPO-exposed
252 cells was transcriptomically distinct (Figure 5b), independently of the number of PCA
253  components and genes used in the analysis (Figure 5 — figure supplement 1c). To test
254  this observation, we defined an EPO response signature based on differentially
255  expressed genes between the EPO and control group. Plotting the expression of the
256  EPO response signature at the single cell level showed that the majority of the
257  transcriptomic differences between the control and EPO group were indeed driven by
258  this small subgroup of cells (Figure 5c). Reasoning that this subgroup contains the
259  cells directly responding to EPO, we defined as EPO-responders, cells in the 90%
260 percentile of EPO response signature expression (Figure 5c) for subsequent analysis.
261  Importantly, unsupervised clustering analysis of the data (Figure 5 — figure supplement
262  2a-b) showed similar results. The genes encoding EPOR, as well as the alternative
263  EPO receptors EphB4, CD131, CRFL3 were equally expressed between the EPO-
264  responders, non-responders and control groups (Figure 5 — figure supplement 1d).
265 Reasoning that the EPO-responders correspond to MEK-biased HSPCs, we also
266  looked for potential MBDC-biased HSPCs but could not detect a subgroup of cells with
267  upregulation of lymphoid associated genes, suggesting that the MBDC-bias is not a
268  direct effect of EPO-exposure but more an indirect effect. In summary, the scRNAseq
269  analysis corroborated our functional barcoding data, showing that a subset of HSPCs
270  can respond directly to EPO stimulation.

271

272  EPO-responder HSPCs overlap with MPP1 and MPP2 signatures. As our barcode

273  analysis suggested that the effect of direct EPO-exposure on HSPCs is caused by cells

11
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274  differentiating more than self-renewing, we next wanted to assess which of the HSPC
275 subsets are the EPO responders in our scRNAseq dataset. We annotated the UMAP-
276  based visualization of our data with published signatures of the HSC (dormant HSCs*°
277 and LT-HSC*'), MPP14° and MPP23' subsets included in our HSPC gate, and
278 analyzed its overlap with the previously defined EPO-responder and non-responder
279  cells (Figure 6a,b). Relative to the control group and non-responders of the EPO-
280  group, the EPO-responders had a reduced expression of HSC gene signatures and
281 increased expression of MPP1 and MPP2 signatures (Figure 6a,b). An annotation of
282  the reference map generated from data of*? likewise showed a low overlap of EPO-
283  responders with the most quiescent HSC subsets (Figure 6¢,d). The independent
284  analysis using unsupervised clustering further supported this result (figure 5 — figure
285  supplement 2c,d). All in all, our scRNAseq analysis implied that, in line with our
286  barcoding results, the HSPCs directly reacting to EPO are most likely multipotent
287  progenitor cells of the MPP1 and MPP2 subsets.

288

289 EPO-exposure induces ME-biases in single MPP2.

290  To confirm that MPP2 are a subset within HSPCs reacting directly to EPO as predicted
291 by the scRNAseq analysis, we transplanted barcoded control or EPO-exposed (1,000
292  ng/ml) MPP2 together with unbarcoded CD48  HSPCS (C-Kit* Sca1* FIt3- CD150*
293  CDA48), (Figure 7 — figure supplement 1a) and analyzed their barcoded progeny in the
294  E, M, and B lineages of the spleen at week 4 after transplantation (Figure 7). We found
295 an equivalent engraftment as for the entire HSPC compartment and no difference
296 between the EPO-treated and the control group (Figure 7a-b). Applying the same
297 classification as in Figure 1 to quantify the effect of EPO on MPP2 lineage-biases, we

298 observed that, as for the whole HSPC compartment, ME-biased cells contributed more

12
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299 to the M and E lineages (Figure 7d-e, other threshold in Figure 7 — figure supplement
300 1c). Similarly to our data on whole HSPC compartment (Figure 1g) the proportion of
301 the differently biased-MPP2 was similar between control and EPO group (Figure 7c).
302  This data confirms that the MPP2 population is enriched in HSPCs responding to EPO.
303

304 Transient effect of EPO-exposure.

305  Finally, we reasoned that if EPO directly acts on multipotent progenitors MPP1/2 with
306 short reconstitution capacity after transplantation rather than long-term repopulating
307 HSC, then the EPO effect should be transient. To test this hypothesis, we repeated the
308 experiment and analyzed barcodes in the E, M, and B lineages at 4 months after
309 transplantation of control or EPO-exposed HSPCs (160 and 1,000 ng/ml) (Fig. 8). In
310 the control group, as reported before®?, the chimerism at 4 months was higher and the
311  number of barcodes detected was lower than at one month post-transplantation (Fig.
312 8c-d and 1b-d). We detected no significant changes in the clonal output of HSPCs
313  between control and EPO group at this timepoint (Fig. 8e), with the majority of cells in
314  alllineages produced by balanced HSPCs (Fig. 8a-b), implying that the effect of direct
315 EPO-exposure on HSPCs is transient. This confirms that the effect of direct EPO-
316 exposure on HSPCs is likely caused by multipotent progenitor cells with a short
317  reconstitution capacity after transplantation.

318

319 Discussion

320 EPO is a key regulator of hematopoiesis, and is classically considered to support the
321  proliferation and survival of erythroid committed progenitors. By analyzing the in vivo
322 fate of hundreds of EPO-stimulated vs untreated transplanted (c-Kit* Sca1* FIt3-

323 CD150%) HSPCs at the single-cell level, we established that EPO can change HSPC

13
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324  differentiation in the absence of an EPO-stimulated bone marrow microenvironment.
325  Collectively our results yield 2 important conclusions: (i) EPO has a direct effect on
326 HSPCs, that is not solely due to the effects of EPO on the surrounding niche and (ii)
327 EPO directly remodels the clonal composition of HSPC by inducing fate biased MPP
328 and reducing the output of HSC.

329

330 Specifically, we observe that EPO induced MEK-biased (ME) and MBDC-biased (MB)
331 HSPCs that produced the majority (>60%) of mature hematopoietic cells at four and
332 six weeks after transplantation. In contrast, balanced HSPCs (MBE) had a reduced
333  output of mature cells in response to EPO. The increased erythroid-associated gene
334  signature in a subset of HSPCs after ex vivo EPO-exposure suggests that EPO directly
335 induces high output MEK-biased HSPCs, which is indirectly compensated for by the
336  occurrence of high-output of MBDC-biased HSPCs to maintain a balanced production
337 of hematopoietic cells.

338 These biased clones had a higher propensity to differentiate than to self-renew, and
339 their response to EPO was transient, suggesting that EPO-responsive cells are multi-
340 potent progenitors, and not LT-HSCs. This is supported by transcriptomic analysis
341 showing that EPO-responders express the MPP1/MPP2 gene-signatures.
342  Transplantation of barcoded EPO-exposed MPP2 confirmed their enrichment in ME-
343  biased clones in response to EPO.

344  Similar to studies that assessed the effect of high systemic EPO-exposure 192118 we
345  found that multipotent progenitors, not HSC, are responding to EPO. The occurrence
346  of myeloid, megakaryocytic and erythroid gene expression in MPP1 after bleeding ° is
347 in line with our findings. Previously, long-term EPO exposure in Tg6 transgenic mice

348  did however not change the in vitro differentiation outcome of MPP2 "', Furthermore,
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349  we did not detect a fate deviation toward erythroid production at the expense of myeloid
350 production as seen for in vivo EPO-exposed HSPCs after transplantation’. These
351 differences could be due both to the duration and route of EPO exposure as well as
352 the indirect effects of systemic EPO-exposure through other cells, for example from
353  the bone marrow niche.

354  Inaddition, our data shows that direct cytokine-stimulation leads to a clonal remodeling
355 of the HSPC compartment, with a transient increase in the contribution of fate-biased
356 MPPs. Without longitudinal barcoding data within the same animal, we cannot
357 distinguish if EPO is transiently changing the fate and outcome of the same HSPCs
358 overtime or if EPO is pushing the differentiation of some HSPCs that will be replaced
359 by more balanced and stable HSPCs.

360 Different studies have suggested that the behavior of transplanted HSPC differ from
361 native HSPC®85 Transplantation seems to favor the long-term output from HSC
362 whereas steady state hematopoiesis is maintained more by MPPs contribute than LT-
363  HSC®848%66 Qur work is in line with a model in which MPP are a highly malleable cell
364 population that can rapidly respond to changing demands for new cells, such as
365 transplantation or infection3'.

366  The direct effect of EPO on MPPs we described here could be one of the factors
367 underlying the development of adverse side effects and co-morbidities during long-
368 term EPO use in the clinics and associations of high EPO levels with leukemias®”-1368,
369 To translate these results to the clinics and understand the side effect of EPO
370  treatment, further work is required to determine if HSPCs and erythroid progenitors like
371  CFU-E are responding to the same dose and duration of EPO exposure.

372 Materials and Methods

Key Resources Table
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Reagent type Designation Source or Identifiers Additional
(species) or reference information
resource
Strain, strain C57BL/6J Jackson B6.SJL-Ptprc? male
background CD45.17, Laboratory Pepc’/BoyJ,
(Mus musculus) stock No
002014, B6
Cd45.1
Strain, strain C57BL/6J Jackson C57BL/6J, stock | male
background(Mus CD45.2%, Laboratory No 000664, B6
musculus)
Strain, strain Rosa26CreER Jackson STOCK male
background T2mT/mG Laboratory Gt(ROSA)26Sor
(MUS mUSCUIUS) m4(ACTB-tdTomato,-
EGFP)LLIO/J’ stock
No 007576,
mT/mG, mTmG
Strain, strain ElectroMAX™ ThermoFish | Cat# 11635018
background Stbi4™ er Scientific
(Escherichia Competent
coli) Cells
Recombinant pRRL-CMV- PMID 9765382 Ton
DNA reagent GFP plasmid*? Schumacher
lab, NKI,
Amsterdam
Cell line HEK293T other Philippe
(human) cells Benaroch
lab, Institute
Curie, Paris
Recombinant p8.9-QV other Philippe
DNA reagent Benaroch
lab, Institute
Curie, Paris
Recombinant pVSVG other Philippe
DNA reagent Benaroch
lab, Institute
Curie, Paris
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Chemical anti-CD117 Miltenyi Cat# 130-091-
compound, drug magnetic 224,
beads RRID:AB_2753
213
Chemical Propidium Sigma Cat# 81845
compound, drug iodide
Chemical StemSpanMe STEMCELL Cat# 9650
compound, drug dium SFEM Technologie
S
Chemical Mouse STEMCELL | Cat# 78064.2
compound, drug recombinant Technologie
SCF s
Chemical Eprex, Janssen
compound, drug erythropoietin
alpha
Chemical anti- Miltenyi Cat#
compound, drug biotinylated 130090485,
beads RRID:AB_244
365
Antibody (rat, anti-Ter119- BD Cat# 553672, (1:100)
monoclonal) biotin Biosciences | clone TER119,
RRID:AB_394
985
Antibody anti-cd45.1- BD Cat# 553776, (1:100)
(mouse, PE Biosciences clone A20,
monoclonal) RRID:AB_395
044
Antibody (rat, anti-Ter119- BD Cat# 557853, (1:100)
monoclonal) PE-Cy7 Biosciences | clone TER119,
RRID:AB_396
898
Antibody anti-cd11c- eBioscience | Cat# 17-0114- (1:100)
(hamster, APC 82, clone N418,
monoclonal) RRID:AB_469
346
Antibody (rat, anti-cd19- BD Cat# 557655, (1:100)
monoclonal) APC-Cy7 Biosciences | clone ID3,
RRID:AB_396
770
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Antibody (rat, anti-cd11b- eBioscience | Cat# 45-0112- (1:100)
monoclonal) PerCP-Cy5.5 S 82, clone M1/70,
RRID:AB_953
558
Antibody (rat, anti-cd117- BioLegend Cat# 105812, (1:100)
monoclonal) APC clone 2B8,
RRID:AB_313
221
Antibody (rat, anti-cd135-PE eBioscience | Cat# 12 135182, | (100)
monoclonal) S clone A2F10,
RRID:AB_465
859
Antibody (rat, anti-cd135- Life Cat# (1:100)
monoclonal) PE-Cy5 technologie 15 1351_82,
S clone A2F10,
RRID:AB_494
219
Antibody (rat, anti-Sca1- BioLegend Cat# 122520, (1:200)
monoclonal) PacificBlue clone D7,
RRID:AB_214
3237
Antibody (rat, anti-cd150- BioLegend Cat# 115914, (1:100)
monoclonal) PE-Cy7 clone TC15-
(Mouse- 12F12.2,
monoclonal) RRID:AB_439
797
Antibody (rat, anti-cd44-PE BD Cat# 553134, (100)
monoclonal) Biosciences | clone IM7,
RRID:AB_394
649
Antibody (rat, anti-cd41- BD Cat# 740136, (1:100)
monoclonal) BV510 Biosciences | clone
MVVREG30,
RRID:AB_273
9892
Antibody (rat, anti-Siglec-F- BD Cat# 562757, (1:200)
monoclonal) PE-CF594 Biosciences | clone E50-2440,
RRID:AB_268
7994
Antibody (rat, anti-Ly6g- BioLegend Cat# 127633. (1:200)
monoclonal) BV510 clone 1A8,
RRID:AB_256
2937

18



https://doi.org/10.1101/2020.04.20.050146

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.20.050146; this version posted January 27, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Antibody (rat, anti-cd115-PE BioLegend Cat# 135505, (1:200)
monoclonal) clone AFS98,
RRID:AB_193
7254
Antibody anti-cd48- BD Cat# 561242 (1:100)
(hamster, APC-Cy7 Biosciences | clone HM48-1,
monoclonal) RRID:AB_106
44381
Chemical Viagen Direct Euromedex Cat# 301-C
compound, drug PCR Lysis
Reagent (cell)
Chemical Proteinase K Invitrogen Cat# 25530-049
compound, drug Solution RNA
grade
Sequence- top-LIB This paper PCR primer TGCTGCCG
based reagent TCAACTAG
A ACA
Sequence- bot-LIB This paper PCR primer GATCTCGA
based reagent ATCAGGCG
CTTA
Sequence- PCR2- This paper PCR primer ACACTCTTT
based reagent Read1-plate- CCCTACAC
index_ GACGCTCT
forward TCCGATCT
NNNNCTAG
AACACTCG
AGATCAG
Sequence- PCR2- This paper PCR primer GTGACTGG
based reagent Read2- AGTTCAGA
CTTCCGAT
CGATCTCG
AATCAGGC
GCTTA
Sequence- PCR3-P5- This paper PCR primer AATGATA
based reagent forward CGGCGACC
ACCGAGAT
CTACACTC
TTTCCCTA
CACGACGC
TCTTCCGA
TCT
Sequence- PCR3-P7- This paper PCR primer CAAGCAGA
based reagent sample-index- AGACGGCA
reverse TACGAGAN
NNNNNNGT
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GACTGGAG
TTCAGA
CGTGCTCT
TCCGATC
Commercial Agencourt Beckman Cat# A63881
assay or kit AMPure XP Coulter
system
Commercial Chromium 10X
assay or kit Single Cell 3’ Genomics
Reagent Kits
v2 Chemistry
Software, R-3.4.0 other (R
algorithm Development
Core Team
(2019)
http://www.R
-project.org
Software, GraphPad GraphPad RRID:SCR_00 | GraphPad
algorithm Prism version 2798 Software, La
8.0 for Mac Jolla
California
USA,
www.graphp
ad.com
Software, XCALIBR other (https://qithu
algorithm b.com/NKI-
GCF/xcalibr)
Software, Cellranger v3 10X RRID:SCR_01
algorithm Genomics 7344
Software, Seurat v3 DOI RRID:SCR_00
algorithm 10.1016/j.cell | 7322
.2019.05.031
Mice

Male C57BL/6J CD45.1*, C57BL/6J CD45.2*, and Rosa26CreER™:mT/mG mice from

Jackson Laboratory or bred at Institute Curie aged between 7-13 weeks were used in

all experiments. All procedures were approved by the responsible national ethics

committee (APAFIS#10955-201708171446318 v1).
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380 Barcode library, barcode reference list and lentivirus production

381 The LG2.2 barcode library is composed of a DNA stretch of 180 bp with a 20 bp “N’-
382  stretch. DsDNA was generated by 10 PCR rounds and cloned into the Xhol-EcoRlI site
383  of the lentiviral pRRL-CMV-GFP plasmid®?. Subsequently ElectroMaxStbl4 cells were
384 transformed, and >10,000 colonies picked for amplification by Maxiprep. To create the

385  barcode reference list (https://github.com/PerieTeam/Eisele-et-al.-), barcode plasmids

386 were PCR amplified twice in duplicate and sequenced as described below. Sequencing
387 results were filtered for barcode reference list generation as previously described in33.
388 Lentiviruses were produced by transfecting the barcode plasmids and p8.9-QV and
389 pVSVG into HEK293T cells in DMEM-Glutamax (Gibco) supplemented with 10% FCS
390 (Eurobio), 1% MEM NEAA (Sigma), and 1% sodium pyruvate (Gibco) using
391 Polyethyleneimine (Polysciences). Supernatant was 0,45 um filtered, concentrated by
392 1,5 h ultracentrifugation at 31,000g and frozen at -80°C. HEK293T were tested for
393  mycoplasma contamination every 6 months.

394

395 HSPC and MPP2 isolation, barcoding, EPO treatment, and transplantation

396 Isolation and labeling of cells with the barcoding library was performed as described
397 in33. Briefly, after isofluorane aneasthesia and cervical dislocation, bone marrow cells
398 were isolated from femur, tibia and iliac bones of mice by flushing, and C-Kit" cells
399 were enriched with anti-CD117 magnetic beads on the MACS column system
400 (Miltenyi). Cells were stained for C-Kit, FIt3, CD150, Sca-1 (Key Resources Table)
401  Propidium iodide (PI) (Sigma) (1:5,000), and if appropriate CD48. Lineage staining was
402 not performed after C-Kit+ MACS enrichment for transplantation cohorts. For HSPC
403  cohorts, HSPCs (Figure 1 — figure supplement 1a) were sorted and transduced with

404  the barcode library in StemSpanMedium SFEM (STEMCELL Technologies) with 50
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405 ng/ml mSCF (STEMCELL Technologies) through 1,5 h of centrifugation at 300 g and
406 4,5 h incubation at 37°C to obtain 10% barcoded cells. After transduction, cells were
407  incubated with human recombinant EPO (Eprex, erythropoietin alpha, Janssen) at a
408 final concentration of 1,000 or 160 ng/ml or PBS for 16 h at 37°C. After the incubation,
409 the cells were transplanted by tail vein injection in recipient mice 6 Gy sub-lethally
410 irradiated 3 hours before on a CIXD irradiator. Mice were allocated to groups of 4-5
411  mice for each condition randomly without masking. When indicated, cells were injected
412  together with additional EPO (133 ug/kg). On average 2,600 cells (Mean 2,684 cells
413  +/- 175 cells) were injected in the tail vein of each mouse. For the MPP2 cohort, MPP2
414 and CD48 HSPCs (Figure 7 — figure supplement 1a) were sorted. Both populations
415 were cultured alike, but only MPP2 were transduced with the barcode library and
416 treated with 1,000 ng/ml recombinant EPO as described above. After the culture,
417  barcoded MPP2 and un-barcoded CD48 HSPCs were mixed at a ratio of 32/45 (to be
418 as close as possible to the original ratio of both populations in the HSPCs) and
419 transplanted as described above. A FACSAria™ (BD Biosciences) was used for
420  sorting. FACSDiva™ software (BD Biosciences) was used for measurements and

421  FlowJo™ v.10 (TreeStar) for analysis.

422  Cell progeny isolation for barcode analysis

423  Spleens were mashed and both blood and spleen cells were separated based on
424  Ter119 using a biotinylated anti-Ter119 antibody (Key Resources Table) and anti-
425  Dbiotinylated beads on the MACS column system (Miltenyi). Ter119* cells were stained
426  for Ter119 and CD4434. Ter119 cells were stained for CD45.1 CD11b, CD11¢c, CD19,
427  and if appropriate CD115, Siglec-F, and Ly6G (Key Resources Table). Bone marrow
428 cells were flushed from bones and enriched for C-Kit* cells as above. When

429  appropriate the C-Kit™ fraction was further separated based on Ter119 and stained as

22


https://doi.org/10.1101/2020.04.20.050146

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.20.050146; this version posted January 27, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

430 above. C-Kit* cells were stained for C-Kit, FIt3, CD150, Sca-1, and if appropriate CD41
431 (Key Resources Table), and Pl (1:5000) as described above. For analyzed and/or
432  sorted populations see Figure 1 — figure supplement 1. Populations were only sorted
433  for mice with an engraftment (donor cells percentage) of above 5% in spleen, bone
434 and blood.

435

436 Lysis, barcode amplification and sequencing

437  Sorted cells were lysed in 40 pl Viagen Direct PCR Lysis Reagent (cell) (Euromedex)
438  supplemented with 0,5 mg/ml Proteinase K Solution RNA grade (Invitrogen) at 55°C
439  for 120 min, 85°C for 30 min, 95°C for 5 min. Samples were then split into two
440 replicates, and a three-step nested PCR was performed to amplify barcodes and
441 prepare for sequencing. The first step amplifies barcodes (top-LIB
442  (5TGCTGCCGTCAACTAGA ACA-3') and bot-LIB (5'GATCTCGAATCAGGCGCTTA-
443  3')). A second step adds unique 4 bp plate indices as well as Read 1 and 2 lllumina
444  sequences (PCR2-Read1-plate-index-forward
445 5 ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCTAGAACACTCGAGAT
446  CAG3’ and PCR2-Read2-reverse
447 5 GTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

448 CGATCTCGAATCAGGCGCTTAS'). In a third step, P5 and P7 flow cell attachment
449  sequences and one of 96 sample indices of 7 bp are added (PCR3-P5-forward
450 5'AATGATA

451 CGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT3'
452 and PCR7-P7-sample-index-reverse
453 5'CAAGCAGAAGACGGCATACGAGANNNNNNNGTGACTGGAGTTCAGA

454 CGTGCTCTTCCGATC3I') (PCR program: hot start 5 min 95°C, 15 s at 95°C; 30 s at
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455 57.2°C; 30 s at 72°C, 5 min 72°C, 30 (PCR1-2) or 15 cycles (PCR 3)). Both index

456  sequences (sample and plate) were designed based on?® such that sequences differed

457 by atleast 2 bp (https://github.com/PerieTeam/Eisele-et-al.-). To avoid lack of diversity
458  at the beginning of the reads, at least 4 different plate indices were used for each
459  sequencing run. Primers were ordered desalted, as high-performance liquid
460 chromatography (HPLC) purified. During lysis and each PCR, a mock control was
461 added. The DNA amplification by the three PCRs was monitored by the run on a large
462 2% Agarose gel. PCR3 products for each sample and replicate were pooled, purified
463  with the Agencourt AMPure XP system (Beckman Coulter), diluted to 5 nM. and
464  sequenced on a HiSeq system (lllumina) (SR-65bp) at Institute Curie facility with 10%
465  of PhiX spike-in.

466

467 Barcode sequence analysis

468  Sequencing results were filtered, and barcodes were categorized in progenitor classes

469 as in® and further explained on github (https:/github.com/PerieTeam/Eisele-et-al.-).

470 In brief, sequencing results were analyzed using R-3.4.0 (R Development Core Team
471  (2019) http://www.R-project.org.), Excel, and GraphPad Prism version 8.0 for Mac
472  (GraphPad Software, La Jolla California USA, www.graphpad.com). Reads were first
473  filtered for perfect match to the input index- and common-sequences using XCALIBR

474  (https://qithub.com/NKI-GCF/xcalibr) and filtered against the barcode reference list.

475  Samples were then filtered for containing at least 5000 reads and normalized to 10°
476  per sample. Samples with a Pearson correlation between duplicates below 0.9 were
477  discarded and barcodes present in one of the two replicates were set to zero. Samples
478  with under 10 barcodes were filtered out, unless indicated in the figure legend. The

479  mean of the replicates was used for further processing. When the mean percentage of
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480  barcodes shared between different sequencing runs was higher than within the same
481  sequencing run for mice of a same transduction batch, reads below the read quartile
482  of the mean percentage of barcodes shared between mice of a same transduction
483  batch but sequenced on different sequencing runs were set to zero in order to equalize
484  the barcode sharing between mice transplanted from a same transduction batch in
485  different sequencing runs to the barcode sharing between mice within each
486  sequencing run. After filtering, read counts of each barcode in the different cell lineages
487  were normalized enabling categorization into classes of biased output toward the
488 analyzed lineages using a threshold of 10% of barcode reads (Other thresholds in
489  Figure 1 — figure supplement 3c and Figure 7 — figure supplement 1c). Statistics on
490  barcoding results were performed using a permutation test as in 3. Significance of flow
491  cytometry results was assessed using Student’s T test. Some mice were excluded from
492  the analysis due to death before readout, or due to a donor cell engraftment <5%, as
493  well as the filtering out of mice for which one or more cell subset samples did not pass
494  the barcode data filtering steps as detailed above.

495

496 ScRNAseq and analysis

497  ScRNAseq was performed using the 10X Genomics platform on one pool of HSPCs
498 isolated from 8 mice, barcoded and culture with or without EPO for 16h in vitro as
499  described above. Sequencing libraries were prepared using the Chromium Single Cell
500 3’ v2 kit and sequenced on a HiSeq system (lllumina) at Institut Curie NGS facility.
501 Data was analyzed using Cellranger v3 (10X Genomics), Seurat v33” and customized
502 scripts. Raw sequencing reads were processed using Cellranger. To obtain a
503 reads/cell/gene count table, reads were mapped to the mouse GRCm38.84 reference

504 genome. scRNAseq analysis was performed using Seurat®’. During filtering, Gm, Rik,
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505 and Rp genes were discarded as non-informative genes. Cells with less than 1,000
506  genes per cell and with a high percentage of mitochondrial genes were removed from
507 downstream analyses. Following our filtering procedures, the average UMI count per
508 cell was 5157, with mitochondrial genes accounting for 5% of this. The average
509  number of genes detected per cell was 2337. Cell cycle annotation using the cyclone
510 method from the scran R package showed that 2938 cells were in G1 phase, 233 cells
511 were in G2M phase, and 127 cells were in S phase. No batch effect was detected
512  between the EPO and no-EPO group, therefore no batch correction was applied. Data
513  normalization was performed using the default Seurat approach and differentially
514 expressed genes were determined using a logistic regression in Seurat. Unsupervised
515  clustering was performed on the significant variable genes using the ten first principle
516 component analysis followed by the non-linear dimensionality reduction technique
517  UMAP?8 (Figure 5 — figure supplement 2). Unsupervised Louvain clustering of the data
518 was performed across a range of resolution parameters and the resolution value that
519 led to the most stable clustering profiles was chosen?®® (Figure 5 — figure supplement
520  2). Annotation of the clusters was obtained by mapping published signatures using the
521  AddModuleScore method of Seurat. The signatures are defined in the following
522 publications: dHSC, and MPP1 signatures were obtained from*®. The MolO LT-HSC
523  signature was taken from*' and the MPP2 and 4 signature was taken from?3'. An excel
524 file listing the genes in these signatures is available on github

525  (https://github.com/PerieTeam/Eisele-et-al.-). To identify EPO-responder cells in the

526  EPO group, differential expression analysis was performed between control and EPO

527 groups (Lists of DEGs are available at https://github.com/PerieTeam/Eisele-et-al.-).

528  Subsequently, genes that were differentially expressed (adjusted p-value< 0.05)

529  between EPO and control groups were transformed into an EPO response signature
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530  which when overlaid onto the UMAP based visualization was enriched only in a subset
531 of the EPO group cells. Briefly this signature was obtained by taking the background
532  corrected mean expression values of both the up and downregulated genes per cell
533 as implemented in the AddModuleScore method of Seurat. Within each cell these two
534  signature scores were used to create a composite EPO response score by subtracting
535 the downregulated response from the upregulated response signature. Cells in the
536  upper 90" percentile with regards to the expression of the EPO response signature
537  were labelled EPO responders.

538  To perform supervised cell type annotation, a reference map was generated from a
539  published single cell sequencing dataset of 44,802 C-Kit* cells from*2. Preprocessing
540 was performed using a scanpy pipeline*®. Data was then visualized using the non-
541  linear non-dimensionality reduction technique UMAP38, Annotation of the reference
542 map was obtained by overlaying published signatures as above using the
543  AddModuleScore method of Seurat and also known markers as Flt3, slamf1, and
544  Gata1 (Figure 5 — figure supplement 1b). For the erythroid progenitors these markers
545 are Gata1, KIf1, Epor, Gypa, Hba-a2, Hba-a1 (figure 5 — figure supplement 1a). Cells
546  were mapped onto the reference map using a k-nearest neighbors mapping approach.
547  Briefly, for each cell in the query dataset, the nearest neighbors in PCA space of the
548  reference dataset were determined using the nn2 function of the RANN package and
549  the mean UMAP 1 and 2 coordinates of the 10 nearest neighbors were taken as the
550 reference point for the new cell of interest. To benchmark our mapping approach, cells
551 from an independent dataset of erythroid progenitors '© were used without additional
552 pre-processing (Figure 5 — figure supplement 1a).

553

554 Data sharing statement
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555 Raw data are available at zenodo DOI 10.5281/zenodo.5645045. All codes to filter
556 and process raw data, as well as filtered data are available at

557 https://qithub.com/PerieTeam/Eisele-et-al.-. Contact author is leila.perie@curie.fr.
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759  Tables

760  Table 1: Permutation testing of changes in clonality after transplantation of EPO-
761 exposed HSPCs. Same data as in Figure 1, 2, 3, 4 and Figure 7. HSPCs or MPP2
762  were cultured with different concentrations of EPO (160 ng/ml or 1,000 ng/ml) for 16h,
763  and when indicated a soluble dose of EPO (133 ug/kg) was injected together with
764  barcoded HSPCs at the moment of transplantation. Barcodes in the erythroid (E),
765  myeloid (M), B-lymphoid (B) lineage, dendritic cell (DC) and HSPCs, were analyzed
766  four weeks after transplantation and categorized by bias using a 10% threshold. For
767  the data of Figure 1, 2 and 7, the output of MB and ME classified barcodes to the B,
768 M, and E lineages was analyzed using a permutation test. For the data of Figure 3, the
769  output of MBE and MB classified barcodes to the DC lineage was analyzed. For the
770  data of Figure 4, the output of barcodes present in HSPCs to the B, M, and E lineages
771  was analyzed using a permutation test. By permutating the mice of control and EPO
772 groups, the random distribution of this output was generated and compared to the real

773  output difference between control and EPO group. A p-value was generated as in*’

774

Figure Condition p-value
MB in B MB in M ME in E ME in M
1 HSPCs 160 ng/ml 0.02 0.04 0.02 0.04
1,2 HSPCs 1000 ng/ml 0.0075 0.0071 0.0071 0.012
2 HSPCs 160 ng/ml + inj. 0.01 0.016 0.012 0.011
2 HSPCs 1000 ng/ml + inj. 0.0018 0.0018 0.002 0.0025
7 MPP2 1000 ng/ml 0.006 0.008 0.004 0.004
MBE in DC MB in DC
3 HSPCs 1000 ng/ml 0.07 0.0075
HSPCin B HSPCin M HSPC in E
4 HSPCs 160 ng/ml 0.035 0.029 0.029
HSPCs 1000 ng/ml 0.008 0.06 0.01
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775  Figure Legends

776

777  Figure 1: High output ME- and MB-biased clones occur after EPO-exposure and
778  transplantation of HSPCs. a, HSPCs were sorted from the bone marrow of donor
779  mice, lentivirally barcoded, cultured ex vivo with or without 1,000 ng/ml EPO for 16 h
780  and transplanted into sublethally irradiated mice. At week 4 post-transplantation, the
781  erythroid (E), myeloid (M), and B-cells (B) lineages were sorted from the spleen and
782  processed for barcode analysis. b, The percentage of donor derived cells (CD45.17)
783  among the total spleen, myeloid cells (CD11b*) or B-cells (CD19%) in the spleen of
784 control and EPO group. ¢, To better assess chimerism in erythroid cells
785 mTdTomato/mGFP donor mice were used. The fraction of Tom™ cells among erythroid
786 cells (Ter119%) in the spleen and blood in control and EPO group. d, Number of
787  barcodes retrieved in the indicated lineages at week 4 after transplantation in control
788 and EPO group. e, Triangle plots showing the relative abundance of barcodes (circles)
789 in the E, M, and B lineage with respect to the summed output over the three lineages
790  (size of the circles) for control and EPO group. f, Percentage of HSPCs classified by
791  the indicated lineage bias, using a 10% threshold for categorization. g, Quantitative
792  contribution of the classes as in f to each lineage. Shown are values from several
793  animals (n= 8 EPO, n= 10 control in b, n=3 EPO, n=4 control in ¢ spleen, n=4 EPO,
794  n=8 control in c blood collected over 5 different experiments (d-g) n=5 for control and
795  n=2 for EPO group collected over one experiment). For all bar graphs mean and S.D.
796  between mice are depicted. Statistical significance tested using Mann-Withney U test
797  p=0,05 for (b-c). Statistical significance tested by permutation test for different subsets
798 in g (see Table 1). This Figure has four supplements.

799
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800 Figure 2: Effect of different EPO concentrations on HSPC clonality after
801 transplantation. Same protocol as in Figure 1 but HSPCs were cultured with different
802  concentrations of EPO (160 ng/ml or 1,000 ng/ml) for 16 h, and when indicated a single
803 dose of EPO (133 ug/kg) was injected together with barcoded cells at the moment of
804 transplantation. a, Triangle plots showing the relative abundance of barcodes (circles)
805 in the erythroid (E), myeloid (M), and B-lymphoid (B) lineage with respect to the
806 summed output over the three lineages (size of the circles) for the different
807 experimental groups as indicated. b, The percentage of each lineage produced by the
808  barcodes categorized by bias using a 10% threshold. Shown are values from several
809 animals (n=2 for 160 ng/ml, 1,000 ng/ml, and 160 ng/ml + EPO injection, n=4 for 1,000
810 ng/ml + EPO injection (collected over 4 different experiments)). For all bar graphs
811 mean and S.D. between mice are depicted. Statistical significance tested by
812  permutation test for different subsets in b (see Table 1). This figure has one
813  supplement.

814

815 Figure 3: Production of Dendritic Cells (DC) and Megakaryocyte Progenitors
816 (MkP) by HSPCs after EPO-exposure and transplantation. In addition to the
817 analysis of barcodes in the erythroid (E), the myeloid (M), and the B-cell (B) lineage,
818 the DC lineage in spleen and MKP in bone marrow were added. a, Percentage of
819 barcoded HSPCs producing DC in the different HSPC categories (classification as in
820  Figure 2 based on the M, E, and B lineage only using a 10% threshold. The DC only
821 category was added). b, The percentage of the DC lineage produced by the barcodes
822  categorized by bias as in a. c-d, Representations as in a-b for barcode detection in
823  MKP. Data is derived from a cohort with detailed myeloid sorting. The myeloid lineage

824 was merged according to the percentage of total donor myeloid each subset
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825  contributed as in Figure 2 — supplement 1a to allow classification as in a-b based on
826  the M, E, and B lineage only using a 10% threshold. The MkP only category was added.
827  Shown are values from several animals (a-b, n=5 for control and n=2 for EPO group,
828  c¢-d, n=3 for control and n=1 for EPO group (collected over two experiments)). For all
829  bar graphs mean and S.D. between mice are depicted. Statistical significance tested
830 using Mann-Withney U test p=0,05 for (a,c). Statistical significance tested by
831 permutation test for different subsets in b (see Table 1). This figure has one
832  supplement.

833

834  Figure 4: Overlap of barcodes in HSPCs and mature cells after transplantation
835 of EPO-exposed HSPCs. Same protocol as in Figure 1 but HSPCs were cultured with
836  two different concentrations of EPO (160 ng/ml or 1000 ng/ml) for 16 h. In addition,
837 HSPCs were sorted and subjected to barcode analysis. a, The total number of
838  barcodes found back in HSPCs. b, The percentage of barcodes in the mature cell
839 subsets also detected in HSPCs and the percentage of barcodes in HSPCs also
840 detected in mature cells. ¢, The percentage of the HSPC lineage contributed by
841 barcodes categorized by bias as in Figure 2 based on the M, E, and B lineage using a
842  10% threshold. d, The percentage of each lineage produced by the barcodes color
843  coded for presence (blue) and absence (grey) in HSPCs. Shown are values from
844  several animals (n=5 for control, n=2 for EPO 160 ng/ml group and n=3 for EPO 1,000
845  ng/ml group). For all bar graphs mean and S.D. between mice are depicted. Statistical
846  significance tested using Mann-Withney U test p=0,05 for (a-b). Statistical significance
847  tested by permutation test for different subsets in d (see Table 1).

848
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849  Figure 5: Characterization of EPO-exposed HSPCs by scRNAseq. HSPCs were
850  sorted, barcoded and cultured ex vivo with or without 1,000 ng/ml EPO for 16 h, and
851 analysed by scRNAseq using the 10X Genomics platform. 1,706 cells from control and
852 1,595 cells from EPO group passed quality control a, Volcano plot of log2 fold change
853  of the differentially expressed genes between control and EPO-exposed cells versus
854  the adjusted p-value. Genes of interest are annotated. Differentially expressed genes
855  were used to defined an EPO response signature. b, UMAP visualization of the EPO-
856 exposed and control HSPCs. ¢, The level of expression in the EPO-exposed HSPCs
857  of the genes in the EPO response signature (top), and definition of the EPO-responder
858 and non-responder subgroups using the 90th percentile expression of the EPO
859 response signature from c (bottom). d, The expression of the indicated genes in the
860  control, EPO-responder and non-responder subgroups as defined in c. Genes that are
861  significantly upregulated in the EPO-responder group, when compared to control and
862 non-responder groups. Differential expression was assessed using a logistic
863  regression testing approach, as implemented in Seurat. This figure has two
864  supplements and correspond to one 10X experiment of a pool of 8 mice.

865

866  Figure 6: EPO-responders are multipotent progenitors, not HSCs. Same protocol
867 as in Figure 5. a, Expression of published gene-signatures of HSCs (dormant HSC*,
868  molecular overlap (molO) HSC signature*') and MPPs (MPP140-23") across the entire
869 dataset (see Methods) b, Expression of the signatures from 6a, across control, non-
870  responder, and EPO-responder groups as defined in Figure 5c. Statistical comparisons
871  made using a Kruskal Wallis Test with a Dunns multiple comparisons post-hoc test c,

872  Expression of the molO HSC signature on the published reference map*. d, Nearest-
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873  neighbor mapping of control, EPO-responder and non-responder cells onto the
874  published reference map*2.

875

876  Figure 7: MPP2 are enriched for ME-biased clones after EPO-exposure and
877 transplantation. MPP2 and CD48 -HSPCs were sorted from the bone marrow of donor
878  mice, MPP2 were lentivirally barcoded, and both populations cultured ex vivo with or
879  without 1,000 ng/ml EPO for 16 h. After the culture, barcoded MPP2 and un-barcoded
880 CD48 HSPCs were mixed and transplanted into sublethally irradiated mice. At week
881 4 post-transplantation, the erythroid (E), myeloid (M), and B-cells (B) lineages were
882  sorted from the spleen and processed for barcode analysis. a, The fraction of donor
883 cells among the indicated cell types in spleen. b, Barcode number retrieved in the
884 indicated lineage at 4 weeks after transplantation in control and EPO 1,000 ng/ml
885  group. ¢, Percentage of MPP2s classified using a threshold of 10% in experimental
886 groups as indicated. d, The percentage of each lineage produced by the MPP2
887  barcodes categorized by bias using a 10% threshold. e, Triangle plots showing the
888 relative abundance of barcodes (circles) in the erythroid (E), myeloid (M), and B-
889 lymphoid (B) lineage with respect to the summed output over the three lineages (size
890  of the circles). Shown are data from several mice (n=3 for control and n=4 for EPO
891 group). For all bar graphs mean and S.D. between mice are depicted. Statistical
892  significance tested using Mann-Withney U test p=0,05 for (c-e). Statistical significance
893  tested by permutation test for different subsets in a (see Table 1). This figure has one
894  supplement.

895

896  Figure 8: The effect of EPO on HSPC clonality after transplantation is transient.

897  Same protocol as in Figure 1, but barcodes in the E, M, and B lineage in spleen of
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898 individual mice sacrificed at month 4 post-transplantation were analyzed. a, Triangle
899  plots showing the relative abundance of barcodes (circles) in the erythroid (E), myeloid
900 (M), and B-cell (B) lineage with respect to the summed output over the three lineages
901 (size of the circles) for the different experimental groups as indicated. b, The
902 percentage of each lineage produced by the barcodes categorized by bias using a
903  10% threshold. ¢, The fraction of donor cells among the indicated cell types in spleen.
904 d, Barcode number retrieved in the indicated lineage at month 4 after transplantation
905 in control, EPO 160 ng/ml, and EPO 1,000 ng/ml group. e, Percentage of HSPCs
906 classified using a threshold of 10% in experimental groups as indicated. Shown are
907 data from several mice. (c, n=5 for control and n=4 for each EPO group, (a-b, d-e) n=6
908 for control and n=4 for each EPO group (collected over two experiments)). For all bar
909 graphs mean and S.D. between mice are depicted. Statistical significance tested using
910  Mann-Withney U test p=0,05 for (c-e).

911

912  Figure supplements legends

913

914  Figure 1 — figure supplement 1: Gating strategies and HSPC marker expression
915  after lentiviral transduction and ex vivo culture with or without EPO. a, HSPCs
916  were gated as propidium iodide negative single C-Kit* Sca-1* FIt3- CD150" cells of C-
917  Kit* enriched bone marrow cells. b, Erythroblast cells were gated as Ter119* CD44*
918 FSCM cells on Ter* enriched cells. ¢, Gating strategy for B-cells (CD19* CD11b"),
919  dendritic cells (CD19-CD11b-CD11c"), and myeloid cells (CD119-CD11c CD11b*) on
920 Ter119 live single donor cells. d, Gating for MkP (C-Kit* Sca-1- CD150" CD41%) from
921  C-Kit" enriched bone marrow cells. e, Sort gating for GFP* erythroid, myeloid, B-, and

922  dendritic cells respectively used for barcoding analysis. f, Representative flow
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923  cytometry plots of sorted HSPC pool after 6 h lentiviral transduction and 16 h ex vivo

924  incubation with or without EPO.

925  Figure 1 — figure supplement 2: Correlations in barcoding profiles of spleen and
926 bone. HSPCs were sorted from the bone marrow of donor mice, lentivirally barcoded,
927  cultured ex vivo for 16 h and transplanted into sublethally irradiated mice. At week 4
928 post-transplantation, erythroid (E), B-cells (B), and the myeloid lineage (M) cells
929  monocytes, eosinophils, neutrophils, and macrophages were sorted from the spleen
930 and from bone and processed for barcode analysis. The myeloid lineage was merged
931 according to the percentage of total donor myeloid each subset contributed as in
932  Supplementary Figure 4a. a, Heatmaps showing the output of individual barcodes
933  (rows) in different samples (columns) as indicated. Data is normalized by cell subset,
934 log transformed, and clustered by complete linkage using Euclidean distance. No
935  output is represented in black. b, The percentage of barcodes in spleen and bone
936 detected in the respective other organ. The spearman rank correlation of barcodes in
937 bone and spleen was for the B-, M- and E-lineage 0.81, 0,69 and 0,7 respectively.
938 Shown are values from several animals (n= 3). For all bar graphs mean and S.D.
939  between mice are depicted. Statistical significance tested using Mann-Withney U test

940  p=0,05 for (b).

941

942  Figure 1 — figure supplement 3: Characterization of lineage biases after
943  transplantation of EPO-exposed HSPCs. a, Triangle plots from Figure 1e color
944  coded by mice. b, Quantitative contribution of the classes to each lineage as in Figure
945 1 using different thresholds of 0%, 5%, 10%, 15% and 20%. c-f, Data for an additional

946  experiment as in Figure 1. ¢, Number of barcodes retrieved in the indicated lineages
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947  at week 4 after transplantation in control and EPO group. d, Triangle plots showing the
948 relative abundance of barcodes (circles) in the erythroid (E), myeloid (M), and B-cell
949  (B) lineage with respect to the summed output over the three lineages (size of the
950 circles) for control and EPO group. e, Proportion of HSPCs classified in the indicated
951 lineage bias category, using a 10% classification threshold. f, Quantitative contribution
952  ofthe classes as in f to each lineage. Shown are values from several animals (a-c, n=5
953  for control group and n=2 for EPO group (collected over one experiment), d-f, n= 2 for
954  control, n= 3 for EPO group (collected over one experiment)). For all bar graphs mean
955 and S.D. between mice are depicted. Statistical significance tested using Mann-

956  Withney U test p=0,05 for (c, e).

957  Figure 1 — figure supplement 4: High output ME- and MB-biased HSPCs occur
958 six weeks after transplantation of EPO-exposed HSPCs. HSPCs were sorted from
959  the bone marrow of donor mice, lentivirally barcoded, cultured ex vivo with or without
960 1,000 ng/ml EPO for 16 h and transplanted into sublethally irradiated mice. At week 6
961 post-transplantation, the erythroid (E), myeloid (M), and B-cells (B) lineages were
962  sorted from the spleen and processed for barcode analysis. Quantitative contribution
963 of HSPCs classified by the indicated lineage bias, using a 10% threshold for
964  categorization, to each lineage. Shown are values from several animals (n=2 EPO, n=

965 4 control). Mean and S.D. between mice are depicted.

966 Figure 2 — figure supplement 1: Variability in the effect of different EPO
967 concentrations on clonality after HSPC transplantation at different timepoints. a,
968  Triangle plots showing the relative abundance of barcodes (circles) in the erythroid (E),

969  myeloid (M), and B-cell (B) lineage with respect to the summed output over the three
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970 lineages (size of circles) for control and EPO groups of Figure 2, color coded by mice.

971 b, Same representation as in a for data of Figure 8.

972  Figure 3 — figure supplement 1: Production of macrophages, monocytes,
973  neutrophils, eosinophils, and Megakaryocyte Progenitors (MkP) by HSPCs after
974 EPO-exposure and transplantation. Same experimental protocol as in Figure 1 but
975 the myeloid cells were subdivided into monocytes, eosinophils, macrophages and
976  neutrophils, and MKP were sorted. a, Gating for detailed myeloid subsets on myeloid
977  cells. Monocytes (Mo) were sorted as CD115" cells, eosinophils (Eo) as CD115
978  SiglecF* Ly6G™*, macrophages (Ma) as CD115 SiglecF Ly6G-, and neutrophils (Neu)
979 as CD115 SiglecF-Ly6G" cells. b, The contribution of different cell types to the overall
980  donor myeloid subset in control and EPO group. ¢, Heatmaps showing the output of
981 individual barcodes (rows) in different samples (columns) as indicated. Data is
982 normalized by cell subset, log transformed, and clustered by complete linkage using
983  Euclidean distance. No output is represented in black. Shown are values from several
984  animals (b, n=5 for control and n= 3 for EPO group c, n=3 for control and n=2 for EPO
985  group (collected over two experiments)). For all bar graphs mean and S.D. between
986 mice are depicted. Statistical significance tested using Mann-Withney U test p=0,05

987  for (b).

988

989  Figure 5 —figure supplement 1: ScCRNAseq analysis of control and EPO-exposed
990 HSPCs a, UMAP projection of the scRNAseq dataset from*? annotated with i3,
991 CD150, and gatal gene expression. b, Projecting of erythroid-biased progenitors
992  from'® on UMAP projection of a. ¢, Robustness of the UMAP visualization and

993  unsupervised clustering of the data in Figure 4c .The amount of variance explained by
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994  each principle component (left) and UMAP-based visualization using 10 PCA (right)
995  for different number of genes. d, The expression of genes encoding known EPO
996 receptors in each subgroup. e, Overview of the reference map using supervised cell
997 type annotation of the dataset from*2. On the right hand side we overlay the MPP4
998  signature defined by3! onto our reference map to facilitate celltype annotation f, HSPCs
999  were sorted, barcoded and cultured ex vivo with or without 1,000 ng/ml EPO for 16 h,
1000 and analysed by scRNAseq using the 10X Genomics platform. Mapping of the
1001  transcriptomes of the 1,706 cells from control and 1,595 cells from EPO group obtained
1002  after quality control onto the reference map using a k-nearest neighbors mapping
1003  approach.

1004

1005 Figure 5 — figure supplement 2: Unsupervised clustering of control and EPO-
1006 exposed HSPCs a, Cluster stability analysis varying the resolution parameter of the
1007  Seurat clustering method. The significant variable genes using 10 PCA were used as
1008 input. b, UMAP visualization of the data in a using a clustering resolution of 0.1. with
1009 the proportion of each cluster as in the control, EPO-responder and non-responder
1010  subgroups. ¢, expression of published signatures of established celltypes used to
1011  annotate our clusters. All comparisons in signature expression between clusters were
1012  statistically significant (adjusted p-value < 0.05) as determined by a Kruskal-Wallis
1013  Test and Dunns Post-Hoc analysis. d, Nearest neighbor mapping of unsupervised
1014  clusters from b onto the reference map.

1015

1016 Figure 7 — figure supplement 1: Characterization of lineage biases after
1017  transplantation of EPO-exposed MPP2. a, MPP2s and CD48 HSPCs were gated as

1018  propidium iodide negative single C-Kit" Sca-1* FIt3- CD150" CD48* (MPP2) and CD48"
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1019 (CD48 HSPCs) cells of C-Kit* enriched bone marrow cells. b, Triangle plots from
1020  Figure 7b color coded by mice. ¢, Quantitative contribution of the classes to each
1021 lineage as in Figure 7a using different thresholds of 0%, 5%, 10%, 15% and 20%. (a-
1022 ¢, n=5 for control group and n=2 for EPO group (collected over one experiment).
1023 Shown are values from several animals (n= 3 for control, n=4 for EPO group (collected
1024  over one experiment)). For all bar graphs mean and S.D. between mice are depicted.
1025

1026  The article has one Supplementary File 1.

1027

1028  Supplementary File legends:

1029

1030  Supplementary File 1. Permutation testing of changes in clonality after transplantation
1031  of EPO-exposed HSPCs. Same data as in Figure 1 figure supplement 4 and Figure 1
1032 figure supplement 3. HSPCs were cultured with EPO (1,000 ng/ml) for 16h. Barcodes
1033 in the erythroid (E), myeloid (M), B-lymphoid (B) lineage, dendritic cell (DC) and
1034  HSPCs, were analyzed four weeks after transplantation and categorized by bias using
1035 a 10% threshold. The output of MB and ME classified barcodes to the B, M, and E
1036  lineages was analyzed using a permutation test. By permutating the mice of control
1037 and EPO groups, the random distribution of this output was generated and compared
1038  to the real output difference between control and EPO group. A p-value was generated
1039 by permutation testing.

1040
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Supplementary File 1: Permutation testing of changes in clonality after
transplantation of EPO-exposed HSPCs. Same data as in Figure 1 figure
supplement 4 and Figure 1 figure supplement 3. HSPCs were cultured with EPO
(1,000 ng/ml) for 16h. Barcodes in the erythroid (E), myeloid (M), B-lymphoid (B)
lineage, dendritic cell (DC) and HSPCs, were analyzed four weeks after
transplantation and categorized by bias using a 10% threshold. The output of MB and
ME classified barcodes to the B, M, and E lineages was analyzed using a permutation
test. By permutating the mice of control and EPO groups, the random distribution of
this output was generated and compared to the real output difference between control

and EPO group. A p-value was generated using permutation testing.

Figure 1 figure | Condition p-value

supplement MBinB | MBinM ME in E ME in M

3 HSPCs 1000 ng/ml repeat | 0.01 0.0083 0.0087 0.0087

4 HSPCs 1000 ng/ml - 6 0.01 0.01 0.0138 0.0185
weeks timepoint
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