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Summary 

 

The activities, ontogeny, and mechanisms of lineage expansion of eosinophils are less well-

resolved than those of other immune cells, despite the use of biological therapies targeting the 

eosinophilia-promoting cytokine IL-5 or its receptor IL-5R. We combined single-cell 

proteomics and transcriptomics and generated transgenic IL-5R reporter mice to revisit 

eosinophilopoiesis. We reconciled human and murine eosinophilopoiesis and provided 

extensive cell surface immunophenotyping and transcriptomes at different stages along the 

continuum of eosinophil maturation. We used these resources to show that IL-5 promoted 

eosinophil lineage expansion via transit amplification, while its deletion or neutralization did 

not compromise eosinophil maturation. Informed from our resources, we also showed that 

Interferon Response Factor-8, considered an essential promoter of myelopoiesis, was not 

intrinsically required for eosinophilopoiesis. This work hence provides resources, methods, and 

insights for understanding eosinophil ontogeny, the effects of current precision therapeutics 

and the regulation of eosinophil development and numbers in health and disease. 

  



Introduction 

 

Eosinophils are specialized granulocytes whose exact physiologic and pathophysiological 

activities are still not fully understood 1,2. Initially recognized to accumulate in response to 

helminth infection 3, eosinophils are also increasingly acknowledged for their role in immune 

homeostasis 4,5, microbial defense 6–8, metabolism 9 or anticancer protection 10. Despite their 

proposed beneficial functions, eosinophils are predominantly considered for their diagnostic 

value and implication in a broad spectrum of non-communicable diseases termed eosinophil-

associated diseases (EADs) 1,2. EADs are most often driven by type 2 immune processes, and 

are characterized by an accumulation of eosinophils in blood and diseased tissues. EADs 

include highly prevalent mucosal diseases such as eosinophilic asthma and eosinophilic 

chronic rhinosinusitis with nasal polyps but also less common eosinophilic vasculitis and 

idiopathic hypereosinophilic syndromes. 

 In EADs, the increased presence of circulating eosinophils, known as eosinophilia, 

serves as a valuable diagnostic marker and is used for treatment allocation. It is commonly 

assumed that blood eosinophilia primarily results from increased eosinophil production by the 

bone marrow (BM) 1. The first identified eosinophil-committed hematopoietic progenitors, 

often called "EoPs", appeared as a subset of the heterogeneous granulocyte/monocyte 

progenitor pool (GMP) in mice 11, or of the common myeloid progenitor pool (CMP) in human 
12. However, the traditional perspective proposing that eosinophils share developmental 

proximity to all other granulocytes including neutrophils, arising from the hypothesis that the 

GMP and CMP represent defined oligopotent developmental stages of hematopoietic 

progenitors, has been invalidated. Recent studies concur in showing that myelopoiesis proceeds 

along 2 distinct arms; one consisting of lineages expressing the GATA1 transcription factor, 

which give rise to eosinophils, basophils, erythrocytes and megakaryocytes, and a separate arm 

that leads to the development of neutrophils and monocytes 13–17. Therefore, previous 

assumptions on eosinophilopoiesis built within the framework of the GMP and CMP concepts 

need revision. 

Due to the currently limited resolution of the eosinophil lineage, the mechanisms leading 

to increased eosinophil production from hematopoietic progenitors are also not well understood 
18. It is known that the cytokine interleukin (IL)-5 19 is essential to eosinophilia, as was 

established first in Il5-deficient mice 20,21. Alarmin cytokines such as IL-33 can also trigger 

eosinophilia but appear to do so indirectly by stimulating type 2 innate lymphoid cells (ILC2s) 

and helper T (Th2) cells, thereby increasing IL-5 production 22.  



The dependency of eosinophilia on IL-5 led to the development of neutralizing anti-IL-

5 monoclonal antibodies for the treatment of EADs 23,24. These precision therapies alleviate 

blood eosinophilia and are used in the treatment of severe forms of EADs including severe 

eosinophilic asthma 25. Cytotoxic antibodies to IL-5R were also developed, which deplete 

virtually all tissue and circulating eosinophils 26. Other precision therapies for the treatment of 

EADs impact on blood eosinophil counts as well. For instance, the IL-4R-targeting antibody 

dupilumab elicits transient blood eosinophilia in a fraction of patients 27. Alternatively, the anti-

TSLP tezepelumab 28 and the anti-IL-33 itepekimab 29 both reduce blood eosinophil counts in 

asthmatic patients. With the current shift toward precision therapies for EADs comes the need 

for a refined understanding of eosinophil development and lineage expansion. 

Here, we aimed to better resolve eosinophil development in human and mice. We 

obtained single-cell resolution of eosinophilopoiesis by combining single-cell proteomic 

screening by flow cytometry, generating a transgenic IL-5R reporter mouse strain and (single-

cell) transcriptomic analyses. Our comparative analyses highlighted the evolutionarily 

conserved ontogeny of eosinophils, along a continuum of immunophenotypic stages of 

maturation in human and mice. We illustrate how these transcriptomic and immunophenotypic 

resources may be leveraged to investigate the molecular requirements and cellular dynamics 

of eosinophil progenitor maturation and expansion in eosinophilia, and to elucidate how IL-5 

depletion impacts eosinophil development.  

  



Results 

 

Droplet-based single-cell RNA sequencing captures the first stages of eosinophilopoiesis  

 

We first aimed to resolve the development of eosinophils starting from their first identifiable 

progenitors in the BM of mice, with the aim of finding tractable cell surface markers for further 

identification. We resorted to single-cell RNA sequencing (scRNAseq) of lineage (lin)-

negative c-Kit+ IL-7R- progenitors sorted from the BM of steady-state mice using a 10X 

droplet-based approach to generate a “snapshot” of the ontogenic relationships of early 

eosinophil progenitors 13,30. Uniform Manifold Approximation and Projection (UMAP 31) 

displayed the 2 major branches of myelopoiesis (Figure 1A), with one arm giving rise to 

monocytes and neutrophils and another arm of Gata1-expressing progenitors leading to the 

erythroid, megakaryocyte, basophil and eosinophil lineages (Figure 1B). Early eosinophil-

committed progenitors were identified based on their expression of eosinophil marker genes 

(Epx, Prg3, …) and displayed quality of data comparable to that of other progenitors (Figure 

1C, Table S1 and Figure S1A).  

To zoom in on eosinophil ontogeny, we sub-selected hematopoietic stem and progenitor 

cells (HSPCs) clusters containing hematopoietic stem cells (HSCs, marked by the expression 

of the Hlf transcription factor 32) and those belonging to the Gata1-expressing subbranch 

leading to the basophil/mast cell and eosinophil lineages (Figure 1B-C). UMAP of this sub-

selection and Slingshot trajectory inference displayed a continuum from HSPCs toward 

eosinophil/basophil/mast cell (EBM) progenitors, which in turn separated into basophil -

committed and eosinophil-committed progenitors identifiable by lineage marker genes such as 

Cd200r3 and Epx, respectively (Figure 1D-F). We did not detect progenitors with specific mast 

cell markers different from markers also shared with basophils, possibly owing to the rarity of 

mast cells in normal murine BM. Previous scRNAseq analyses on larger number of progenitors 

identified putative mast cell progenitors in murine BM, which were proposed to share a 

common progenitor pool with basophils 33. Based on this current hypothesis, we postulate that 

EBM clusters identified here likely encompassed progenitors of both basophils and BM-

derived mast cells, but we will not refer to mast cells in subsequent analyses of our scRNAseq 

dataset.  

We then used single-cell regulatory network inference and clustering (SCENIC) 34 to 

position the activity of key transcription factors involved in eosinophilopoiesis in this 



actualized developmental path. We observed 4 major patterns among regulons. The first cluster 

consisted in regulons of transcription factors associated with HSCs such as HLF (Figure S1B). 

A second cluster displayed upregulated activity of transcription factors in EBM progenitors, 

which included GATA1 and GATA2, consistent with their belonging to the "GATA1" arm of 

myelopoiesis. EBM progenitors also upregulated the activity of transcription factors involved 

in endoplasmic reticulum homeostasis including XBP1, which is particularly important for 

eosinophil maturation 35. A third cluster of transcription factors involved in terminal myeloid 

cell maturation and function was upregulated in basophil progenitors. This cluster also 

contained C/EBP, which was already upregulated in EBM progenitors, in line with its role in 

basophil and eosinophil differentiation 18. Finally, eosinophil commitment was characterized 

by a small cluster of regulons mostly displaying upregulation of C/EBP, a known promoter of 

eosinophil differentiation 36. Eosinophil differentiation also involved the downregulation of 

C/EBP activity, consistent with the required balance between C/EBP and C/EBP for 

normal eosinophil development 37. One unexpected observation was the low activity of 

Interferon response factor-8 (IRF8) along eosinophil ontogeny (Figure S1B), since IRF8 has 

been proposed to play an important role in eosinophil differentiation, maturation and expansion 
18,38.  

Within this actualized transcriptomic landscape of eosinophilopoiesis, we finally aimed 

to find cell surface markers of early eosinophil progenitors. Noticeably, Il5ra gene expression 

was detectable in the first identifiable eosinophil progenitors, but not earlier (Figure S1C). 

Aside from Il5ra, we did not identify detectable or discriminating expression of other cell 

surface markers, including Siglecf, Adgre1 (encoding F4/80), or Ccr3 (Table S1 and Figure 

S1C). The earliest identifiable eosinophil progenitors in mice hence might be best defined by 

exclusion of other lineages.  

 

Single-cell RNA sequencing is limited for resolving eosinophil maturation 

 

We next evaluated whether different automated methods of scRNAseq could be implemented 

to identify cell surface markers resolving eosinophil maturation downstream of lineage 

commitment. We reanalyzed a recently published dataset of well-based scRNAseq on Siglec-

F+ BM cells from highly eosinophilic IL-5 transgenic mice 8. Using a recommended resolution 

in Seurat returned 4 clusters of eosinophil lineage cells in the BM of these mice, which differed 

by their expression of genes associated with eosinophil function (Epx, Ccr3, …) and the cell 



cycle (Mki67, Top2a, …)   (Figure S2A). Complicating the analysis, no differential expression 

of cell surface marker genes could be detected that discriminated the different clusters of 

eosinophils from each other, except for a putatively more mature Ccr3-expressing subset 

(Table S2). We likewise performed a 10X droplet-based analysis on Siglec-F+ BM cells from 

mice rendered highly eosinophilic by repeated injections of IL-33. This method too recovered 

analyzable eosinophils, this time in 3 predicted clusters differing again by their expression of 

genes associated with eosinophil function (Epx, Ccr3, Prg3, …) and the cell cycle (Pcna, …) 

(Figure S2B). Yet again, only the presumably more mature eosinophil subset differentially 

expressed cell surface marker genes such as Ccr3 (Table S2). Finally, we tested whether fixing 

cells in droplet-based 10X Flex scRNAseq could provide more RNA data in eosinophils among 

CD55+ Dump (Ly6G, B220, NK1.1, CD90.2)- cells of GATA1 lineages from steady-state wild-

type mice. Additionally, cells were labeled with oligo-tagged antibodies to improve lineage 

identification and the recovery of cells with low RNA content. Combining RNA and protein 

information allowed the identification of the major GATA1 lineages and captured a continuum 

of eosinophil maturation from c-Kit+ CCR3- to c-Kit- CCR3hi eosinophils along 4 putative 

clusters (Figure S2C-E). Nonetheless, the cellular RNA information dropped along eosinophil 

maturation, leading to a resolution that relied mostly on protein data. Altogether, while 

different platforms were able to capture eosinophils, depth of analysis and cell recovery in 

scRNAseq were suboptimal, especially for mature eosinophils. Reasons for this issue remain 

to be fully resolved but are often assumed to relate to high amounts of inhibitor-resistant 

RNAses in eosinophils 39. 

 

Single-cell proteomic screening in flow cytometry resolves the maturation of murine 

eosinophils 

 

Due to limitations of scRNAseq in resolving eosinophil maturation, we turned to single-cell 

surface proteome screening by flow cytometry, which has been previously used to resolve 

neutropoiesis 40. We used our scRNAseq analyses to inform an initial backbone marker panel 

aimed at capturing the continuum between the earliest identifiable eosinophil progenitors 

among c-Kit+ CD55+ "GATA1" progenitors, and mature eosinophils known to express CCR3 

and Siglec-F, while excluding other lineages (Figure S3A). We used Infinity Flow 41 to 

combine this panel with a large-scale flow cytometric screening for 264 surface markers 

(LEGENDScreen, Biolegend, Figure 1G, Figure S3B). Major cell populations were classified 

using lineage markers based on prior knowledge (Figure S3C and Table S3). UMAP of the 



Infinity Flow output provided a consistent snapshot of the ontogenic relationships of 

eosinophils (Figure 1H, I). The eosinophil lineage emerged from a pool of CD55+ c-Kit+ Sca-

1+ HSPCs, from which also diverged the erythroid, megakaryocytic, mast cell and basophil 

lineages, while monocytes and neutrophils were excluded from this branch of myelopoiesis 

(Figure 1H, J). Downstream of the early divergence of CD55+ GATA1 lineages, eosinophils 

arose together with basophils and mast cells from a pool of CD45+ CD55+ CD115- CCR3- 

dump- CD200R3- CD11b- c-Kitint Sca-1- CD150- progenitors (Figure 1H, K).  

We next inspected the 132 antibodies that labelled cells of the eosinophil lineage and 

improved the resolution of eosinophil maturation (Table S4). UMAP of the Infinity Flow 

output identified a continuum of eosinophil maturation comprising 4 main immunophenotypes 

appearing as distinguishable density nodes. To facilitate the further characterization of 

eosinophil progenitors at different stages of their maturation process, we chose to partition the 

continuum of eosinophil maturation based on these 4 immunophenotypes, which we refer to 

here as stages I to IV (Figure 2A). Among the 21 antibodies delivering strong signal 

(background-corrected median fluorescence intensity (MFI) > 103) at any stage of eosinophil 

maturation were markers previously associated with murine eosinophil progenitors such as 

CD34, which became downregulated along eosinophil maturation, as well as markers of mature 

eosinophils and granulocytes such as CCR3/CD193 and CD11b, which were progressively 

upregulated (Figure 2A). We optimized our initial panel by incorporating 3 additional markers: 

PIR-A/B, a marker highly upregulated along eosinophil maturation (Figure 2A-D), as well as 

F4/80 and CD29 (also known as integrin-1, ITGB1) as discriminating markers that help 

exclude contaminant cells (Figure 2B-D, Figure S3D). The resulting 9-color conventional flow 

cytometric panel allowed to identify and sort 4 stages of murine eosinophil maturation (Figure 

2C-E). Progenitors in stages I and II displayed eosinophilic granules and large, often contorted 

nuclei, with central hollowing of the nucleus visible in a majority of stage II cells (Figure 2E). 

Cells in stage III cells were distinctively smaller than in stages I-II, and exhibited ring-shaped 

nuclei, while stage IV cells displayed the classical morphology of mature murine eosinophils.  

Next, we aimed to characterize the relationship between these 4 stages of eosinophil 

development using bulk RNA-sequencing. Principal component analysis (PCA) positioned the 

4 stages on a continuum along the first principal component (PC1) that captured 76% of the 

variance (Figure 2F). This analysis highlighted a major transcriptional transition happening 

between stages II and III, even though pairwise comparisons returned hundreds of differentially 

expressed genes (FDR<0.05) at transitions between stages I-II and III-IV (Figure 2F). We used 



hierarchical clustering to identify prominent patterns of gene regulation (>100 genes/pattern) 

in a likelihood ratio test (LRT) identifying well-expressed genes (baseMean>100) that were 

differentially expressed along eosinophilopoiesis (FDR<1.10-4), and tested their enrichment in 

Gene Ontology (GO) biological pathways. Stage I progenitors expressed on average the highest 

expression of genes associated with protein synthesis and ribosome biogenesis, while 

eosinophil granule protein-coding genes and genes associated with the cell cycle were highly 

expressed in both stages I and II (Figure 2G-I, Table S5). Expression of these genes decreased 

in stages III and IV. Stage III cells displayed higher expression of a small set of genes 

associated with innate immunity including eosinophil-associated RNAses. Finally, genes 

associated with mature myeloid cell function were progressively upregulated along eosinophil 

maturation, reaching their peak expression in stage IV eosinophils. The downregulation of 

eosinophil granule- and cell cycle-associated genes in the transition between stages II and III, 

along with the upregulation of myeloid function-associated genes were the most prominent 

transcriptomic changes along steady-state eosinophilopoiesis. The above data were consistent 

with cells in stage I-II being myelocytes primarily involved in eosinophil granule production 

and lineage expansion in the steady-state, before transitioning toward non-proliferating stage 

III metamyelocytes and stage IV mature eosinophils.  

 

Single-cell proteomic screening in flow cytometry shows conservation of human and murine 

eosinophilopoiesis 

 

We performed a similar surface proteome screening in healthy human BM (Figure 3A, Figure 

S4A). We used UMAP visualization of the Infinity Flow output and annotated major cell 

populations using lineage markers (Figure 3B-C, Figure S4B-C and Table S3). Confirming the 

robustness of the approach, a sub-analysis of neutrophil lineage cells captured 4 previously 

proposed stages of neutrophil maturation 40 (Figure S4D). As in mice, human eosinophils, 

basophils and mast cells shared a common pool of progenitors (Figure 3B, D). Of note, CD125 

surface expression was upregulated in committed eosinophil progenitors compared to cells 

engaging toward the basophil and mast cell lineages (Figure 3D).  

We then focused on eosinophil maturation and observed that the continuum of maturation 

of human eosinophils encompassed 4 main immunophenotypes in our analysis, similarly to 

mice (Figure 4A). Hence, we opted to partition the continuum of human eosinophil maturation 

into 4 stages as well (I to IV). To generate a conventional flow cytometric antibody panel for 

human eosinophil maturation, we inspected the 153 screening antibodies that stained 



eosinophil lineage cells (Table S6) and focused on the 43 antibodies generating strong signal 

(background-corrected MFI>2.103) in at least one of the 4 stages of eosinophil maturation 

(Figure 4B). This selection contained known surface markers of human eosinophils in addition 

to markers not previously reported on human eosinophils such as TNFRSF12A 

(CD266/TWEAKR/FN14) (Figure 4B). Because of its dynamic regulation along human 

eosinophilopoiesis, we included CD84 into an optimized 10-color flow cytometric panel. We 

used this panel to isolate and study consecutive immunophenotypic stages of human eosinophil 

maturation (Figure 4C-E). Based on their distinctive eosinophilic granule content and nuclear 

shape, cells in stage I-II were eosinophilic myelocytes, whereas stage III cells were 

metamyelocytes and stage IV cells were mature eosinophils (Figure 4E).  

Next, we sorted the above 4 stages of human eosinophil maturation from 3 healthy donors 

and compared their transcriptome by RNAseq. A PCA positioned these 4 stages on a 

continuum along PC1 that captured 71% of the variance (Figure 4F, upper). As in mice, the 

most prominent transcriptomic changes happened between stages II and III, even though 

transitions between stages I-II and III-IV involved changes in the expression of hundreds of 

genes (Figure 4F, lower). Three main patterns of changes of gene expression were observed 

along human eosinophilopoiesis (Figure 4G, Table S7). Like in mice, progenitors in stage I 

displayed the highest expression of genes involved in ribosome biogenesis and protein 

synthesis, while cells in stages I and II displayed the highest expression of eosinophil granule- 

and cell cycle-associated genes (Figure 4G-I). Transition to stage III metamyelocytes was 

accompanied by a downregulation of these genes, while the expression of myeloid function-

associated genes steadily increased from stages I to IV. These analyses highlight a conserved 

developmental program of eosinophilopoiesis in both humans and mice, providing a basis for 

translational studies as well as opportunities to study shared mechanisms of eosinophil 

development. 

 

Eosinophil progenitor expansion is driven by increased transit amplification  

 

Having resolved a conserved developmental trajectory of eosinophilopoiesis, we aimed to 

uncover the mechanisms underlying eosinophil progenitor expansion using models of 

eosinophilic disease in mice. We first used a very robust model of eosinophilia with features 

of eosinophilic granulomatosis polyangiitis 42 consisting of daily intraperitoneal injections of 

IL-33 and followed changes in the maturation stages of eosinophils through time by flow 

cytometry (Figure 5A-D). Importantly, the immunophenotyping panel established for steady-



state eosinophilopoiesis continued to resolve 4 main immunophenotypic stages of eosinophil 

maturation in eosinophilic conditions (Figure S5A). Abundance of cells in maturation stages I, 

II and III increased over time, reaching a peak fold amplification at the end of the 7 days of IL-

33 treatment (Figure 5B, C). Discontinuation of IL-33 stimulation led to a drop in the 

abundance of stage III progenitors, paralleled by a further increase of mature stage IV 

eosinophils in the BM and blood. Abundance of stage I-III progenitors returned close to 

baseline values within 5 days, while blood and BM mature eosinophils started to decrease.  

A similar dynamic expansion of the eosinophil lineage was observed in response to 

subcutaneous infection with Nippostrongylus brasiliensis larvae. Eosinophil progenitors were 

expanded on day 8, the time around which the parasite is cleared in mice 43,44 (Figure 5E). 

Progenitor abundance returned toward a steady-state profile by day 15 post-infection, even 

though blood and BM mature eosinophils remained increased (Figure 5E). In a model of 

repeated intranasal administration of extracts of the allergenic mold Alternaria alternata, 

abundance of eosinophil lineage cells increased after 8 days of continued stimulation and 

returned to baseline values within 7 days of cessation of exposure, even though this model 

induced milder progenitor expansion and BM and blood eosinophilia than the other models 

(Figure 5F). In all 3 models, there was a noticeable correlation between the abundance of stage 

IV eosinophils in the BM and circulating blood eosinophils, which shared a similar CCR3+ 

Siglec-F+ phenotype (Figure 5B-F). 

To identify the most prominent changes occurring in eosinophil lineage cells in response 

to eosinophilia-promoting stimuli, we compared the transcriptomes of stage I to IV eosinophils 

from IL-33-treated mice with steady-state counterparts. In a PCA, stage I-III progenitors of IL-

33-treated mice were shifted leftward in PC1, which captured 67% of the variance (Figure 6A). 

Genes with negative loadings in PC1 were enriched in cell-cycle related genes, whereas genes 

with positive loadings were enriched in genes associated with myeloid cell function (Figure 

6B). Two major patterns of transcriptomic changes were noticeable in eosinophilia (Figure 6C-

E and Table S8); first, 2 clusters enriched in genes related to leukocyte responses and 

maturation, such as Ccr3, displayed delayed upregulation along eosinophilopoiesis. Second, 

another large cluster of genes containing eosinophil granule-, cell cycle- and translation-

associated genes retained elevated expression in stage III progenitors of IL-33-treated mice. In 

addition, bulk SCENIC analysis identified 2 major clusters of regulons differing between 

steady-state and eosinophilia that were congruent with the above mRNA expression patterns 

(Figure 6F); one cluster comprising transcription factors associated with immune responses 

such as AP-1 and NF-B, whose upregulation was delayed in eosinophilia, and another cluster 



containing E2Fs and MYC that remained upregulated in stage III. SCENIC also identified a 

third cluster comprising GATA2 that was upregulated at all stages of maturation and a fourth 

cluster featuring IRF8 that was downregulated throughout eosinophilopoiesis in IL-33-treated 

mice. Gene expression of the aforementioned transcription factors followed the same pattern 

as their regulons (Figure S5B).  

The above transcriptomic observations suggested eosinophil progenitors from IL-33-

treated mice acquired a fully mature phenotype slower, while retaining cell cycling activity for 

longer. In vivo 5-ethynyl-2’-deoxyuridine (EdU) nucleotide incorporation assays using a short 

1-hour pulse confirmed this assumption. Not only was the percentage of EdU+ stage I-II 

progenitors increased in the BM of IL-33-treated mice (Figure 6G, Figure S5C), the percentage 

of EdU+ stage III eosinophils also increased up to ~20%, compared to ~2% in steady-state mice. 

Eosinophil progenitors developing during IL-33-promoted eosinophilia hence displayed 

increased cell cycling activity and retained the ability to divide for longer. We obtained similar 

results in models of N. brasiliensis infection as well as in the milder model of exposure to A. 

alternata (Figure 6H-I). Altogether, the above findings support the notion that eosinophil 

progenitor expansion in eosinophilia was sustained by a dynamic increase in transit 

amplification relying on the slower acquisition of a fully mature phenotype and increased and 

prolonged proliferation capacity.  

 

IRF8 is not intrinsically essential to eosinophil maturation and expansion 

 

To illustrate the tractability of our data in clarifying the molecular determinants of eosinophil 

development and expansion, we investigated the yet uncertain role of IRF8 in 

eosinophilopoiesis (Figure S5D-I). The pattern of mRNA expression of IRF8 and its predicted 

activity in eosinophilia were inconsistent with an essential intrinsic role in eosinophil lineage 

development or expansion. Still, in the steady-state, the BM of IRF8-deficient mice was highly 

eosinopenic (Figure S5F), as described previously 38. Nevertheless, all stages of maturation of 

eosinophils were present in IRF8-deficient mice and their relative abundance was comparable 

to that of wild-type counterparts. Furthermore, in response to IL-33, stage I-III eosinophil 

progenitors of IRF8-deficient mice expanded and incorporated EdU with a magnitude 

comparable to wild-type controls (Figure S5D-G, compare with Figure 6G). BM eosinopenia 

in IRF8-deficient mice was on the other hand accompanied by a general depression of GATA1 

lineage cells up to the HSPC pool, reflecting the profound perturbations of hematopoiesis in 

these mice (Figure S5G-I). Hence, eosinopenia in IRF8-deficient mice was not primarily 



caused by an intrinsic defect of the eosinophil lineage, but mainly by perturbations of HSPCs 

upstream of eosinophil lineage commitment. 

 

Depletion of IL-5 impairs expansion of eosinophil progenitors in steady-state and 

eosinophilia 

 

Several mechanisms have been proposed to explain the reduction in blood eosinophilia 

following neutralization of IL-5, ranging from reduced commitment and expansion to 

maturational arrest of eosinophil progenitors 45,46. To help better characterize the activities of 

IL-5 in vivo, we generated IL-5R reporter (IL5RAporter) mice allowing straightforward 

identification of cells expressing Il5ra. IL5RAporter mice harbor an inactivating knock-in 

eGFP-T2A-Cre transgene in frame with the start codon of the native Il5ra locus (Figure 7A). 

The IL5RAporter allele labelled stages I to IV of the eosinophil lineage as well as a small 

subset of B cells (Figure 7B, Figure S6A), in line with previous studies that reported on IL5RA 

gene expression in eosinophils and in a subset of B cells 47,48. IL5RAporter mice may also be 

used to induce Cre recombination in the eosinophil lineage of floxed mice (Figure 7B). Of note, 

neutrophils have been reported to display high surface staining with T21 and REA343 anti-IL-

5R antibodies in mice 5,49 (Figure S6B). Yet, neutrophils did not express the IL5RAporter 

transgene (Figure S6C) and neutrophils of Il5ra-deficient IL5RAporterKI/KI mice stained 

similarly to neutrophils from wild-type control mice with these anti-CD125 clones (Figure 

S6B), indicating they cross-react with an unidentified neutrophil antigen. A third clone, DIH37, 

did not display this unspecific staining of neutrophils, but generated only mildly higher median 

fluorescence intensity in control compared to IL-5R-deficient eosinophils (Figure S6B). 

IL5RAporter mice were therefore superior to currently available alternatives in identifying cell 

types expressing IL-5R in mice.  

We used IL5RAporterKI/+ mice to identify the earliest IL-5R-expressing hematopoietic 

progenitors in the murine BM by conventional flow cytometry. Consistent with our scRNAseq 

analysis, the IL5RAporter allele became expressed after the divergence point of the 

basophil/mast cell and eosinophil lineages, only in cells committed to the eosinophil fate 

(Figure 7C-D, and Figure S6D). These results establish that IL-5 can only be expected to 

directly influence eosinophilopoiesis after lineage commitment in mice. 

Finally, we assessed the impact of the depletion of IL-5 on eosinophilopoiesis in the 

steady-state and in eosinophilia. We first inspected the consequences of genetic deletion of IL-



5 using Il5-/- mice. All stages of eosinophil maturation were still present in Il5-/- mice (Figure 

7E). The abundance of stage I progenitors in IL-5-deficient mice was comparable to that of 

reference control values (Figure 7F), but lineage expansion along stages II and III was reduced, 

resulting in reduced mature BM eosinophil abundance. In addition, stimulation by repeated 

administration of IL-33 for 7 days failed to expand stage I-III progenitors in Il5-/- mice (Figure 

7F). We also assessed the consequences of depleting IL-5 on established eosinophilia using 

neutralizing monoclonal antibodies. Treatment with anti-IL5 antibodies of wild-type mice 

rendered eosinophilic by injections of IL-33 accelerated the contraction of stage I-III eosinophil 

progenitors toward steady-state reference values (Figure 7G). Anti-IL-5 treatment led to earlier 

upregulation of genes associated with mature myelocyte function alongside earlier 

downregulation of genes associated with cell cycling and translation (Figure 7H-I), consistent 

with a decrease in transit-amplification. Altogether, these data indicate that IL-5 was an 

essential promoter of the post-commitment expansion of eosinophil progenitors through transit 

amplification in both the steady-state and in response to eosinophilia-promoting signals, but 

was not required for their maturation.   



Discussion 

 

Eosinophils remain one of the least understood immune cells when it comes to their biological 

functions and development. Notably, the rapidly expanding clinical implementation of 

precision therapies targeting eosinophils directly or indirectly in EADs calls for a refined 

understanding of the ontogeny, expansion mechanisms and responses to treatment of 

eosinophils in preclinical models and human beings. The primary aim of this work was to 

provide easily transposable flow cytometric methods and immunophenotypic and 

transcriptomic resources for the translational study of eosinophilopoiesis.  

Eosinophils are evolutionarily versatile cells 50 and attention has been devoted to 

highlighting differences between murine and human eosinophils 51. We show that the ontogeny 

of eosinophils may be more conserved than previously estimated. One notable difference 

between murine and human eosinophilopoiesis regards the expression of IL-5R. Human 

basophils express IL-5R 52, whereas their murine counterparts do not. We show that this 

difference is wired in the development of these lineages in each species. Noticeably yet, IL-

5R expression was still lower in human basophil/mast cell progenitors than in their 

eosinophil-committed counterparts. This could contribute to the fact that basophils are 

comparatively less reduced than eosinophils in patients treated with the anti-IL-5R depleting 

antibody benralizumab 53.  

Resolving eosinophilopoiesis is important for a correct understanding of the 

functioning of the eosinophil lineage, and we identified several pervasive and often cumulative 

prior limitations in this regard. First, the use of different phenotyping strategies for the 

identification of the earliest identifiable eosinophil progenitors on the one hand and their 

progeny on the other hand precluded an integrated view of eosinophil lineage development and 

dynamics. Second, popular anti-murine IL-5R/CD125 antibodies used for identifying 

eosinophil progenitors are shown here to generate unspecific staining. This calls for a 

reinterpretation of murine studies based on these reagents due to the risk of contamination of 

eosinophil lineage cells by neutrophil lineage cells. Finally, assumptions were often made 

based on models in which neutrophils and eosinophils share developmental proximity within 

the highly heterogeneous "GMP" or "CMP" compartments. These hypotheses should also be 

reevaluated. For instance, it was previously proposed that IRF8 is important in the GMP or 

CMP to upregulate GATA1 and promote eosinophil maturation and fate divergence away from 

the neutrophil and monocyte lineages 18,54. Rather, we show that IRF8 deficiency is damaging 



to eosinophil development mainly because it negatively impacts on the HSPC progenitors of 

all GATA1-expressing lineages, which are on a trajectory distinct from that of monocytes and 

neutrophils. Our phenotyping strategies and transcriptomic data will hence be useful to 

reevaluate prior models of eosinophilopoiesis.  

The resources provided herein can also be used to better understand the cellular dynamics 

of eosinophil lineage expansion in eosinophilia, or the response of the lineage to therapeutic 

interventions. We show that eosinophil progenitor expansion during eosinophilia involves 

enhanced transit amplification. Our transcriptomic and functional analyses of the regulation of 

eosinophil lineage expansion concur with a model in which IL-5 bioavailability determines the 

amplitude of eosinophil progenitor transit amplification as a major mechanism of regulation of 

eosinophil output from the BM in the steady-state or in eosinophilia. We did not observe 

cellular or transcriptional signs of maturational arrest in eosinophil progenitors following IL-5 

depletion, which argues against the frequently purported requirement of IL-5 for eosinophil 

maturation. This is also in line with the observation that residual eosinophils in Il5-deficient 

mice and in asthmatic patients treated with anti-IL-5 mepolizumab do not show overt signs of 

perturbed development 55. Hence, antibodies that neutralize IL-5 essentially reduce BM and 

blood eosinophilia by inhibiting eosinophil lineage expansion, without compromising 

eosinophil maturation.  

It is proposed based on the study of erythropoiesis that transit amplification of committed 

progenitors in hematopoiesis is a balancing act between pro-proliferative gene expression 

programs that antagonize terminal maturation, and anti-proliferative programs promoting 

terminal maturation 56. Transit amplification in erythropoiesis notably increases in response to 

glucocorticoids by acting on this balance 56. Eosinophils, which like erythrocytes belong to the 

GATA1 myeloid lineages, display a similar tunability of their transit amplification, of which 

IL-5 bioavailability is an essential rheostat. There is evidence that similar processes of post-

commitment transit amplification also control non-GATA1 lineage expansion, notably that of 

neutrophils in emergency granulopoiesis 57. Another known mechanism for increasing 

neutrophil and monocyte output from the BM in inflammatory conditions is the promotion of 

the commitment of HSPCs toward non-GATA1 myeloid lineages 58–60. It has been suggested 

that eosinophil, basophil and mast cell fates co-segregate in an early fate decision within the 

GATA1 arm of myelopoiesis 61, and that basophils and BM-derived mast cells share a common 

progenitor pool 33. To our knowledge, to date, no physiological mechanism upstream of 

eosinophil lineage commitment has been uncovered in vivo that would regulate the 

commitment of HSPCs toward EBMs or the eosinophil lineage. We show herein that, at least 



in mice, the receptor to IL-5 is only expressed in committed eosinophil progenitors, which 

precludes a role of IL-5 in the balance between the commitment toward the eosinophil versus 

the basophil and mast cell lineages. 

Many open questions remain about the biology of eosinophils, which could be rooted in 

their development. For instance, could eosinophil progenitors be imprinted and could this later 

affect the activity of their mature progeny 62? Eosinophils have also been shown to be 

phenotypically and functionally diverse in different organs, but the potential contribution of 

developmental processes to subsequent said diversity remains unexplored. We anticipate that 

the resources provided herein will help in answering these questions.  

 

Limitations of the study  

Limitations of the current study include the absence of analyses in human BM in eosinophilia-

promoting conditions. Is eosinophil lineage expansion a sustained process or does it involve 

dynamic, time-resolved pulses of progenitor expansion, as observed in our murine models, in 

different EADs? Our study also focused mostly on events affecting the eosinophil lineage in 

the BM. Dynamic assessment of the entire eosinophil compartment from the BM to the blood 

to peripheral tissues in the steady-state and eosinophilia-promoting conditions would 

complement this work and allow mathematical modelling of the flux of eosinophils. Finally, 

because human EBM express IL-5R unlike their murine counterparts, the effect of IL-5 on 

eosinophil versus basophil or mast cell lineage commitment, as well as its role in the potential 

transit amplification of basophil and mast cell progenitors, remain to be assessed.  
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Main figure title and legends 

 

Figure 1. Single-cell RNA sequencing combined with high dimension flow cytometric 

screening resolves murine eosinophilopoiesis. A. Revised hematopoietic tree adapted from 
15. B. UMAP and lineage annotation, based on lineage marker genes in Table S1, of steady-

state murine BM progenitors in droplet-based scRNAseq (result of one experiment on 3 pooled 

mice, insert: overlayed expression of Gata1 defining GATA1 lineages). C. Overlayed 

expression of HSC and eosinophil marker genes in B. D-E. Slingshot trajectory inference in 

HSC-containing clusters (HSPC) and eosinophil and basophil/mast cell lineage clusters sub-

selected from B (D), overlayed with pseudotime on basophil and eosinophil cell trajectories 

(E). F. Overlayed expression of eosinophil marker gene Epx and of basophil marker gene 

Cd200r3 in E. G. Experimental outline of a flow cytometric screening focused on the murine 

eosinophil lineage (more detail in Figure S3A-B). H. UMAP of an Infinity Flow-integrated 

142-marker staining of dump-negative CD45+ murine BM cells with major lineages annotated 

based on cell surface markers in Figure S3C and Table S3 (result of one experiment on 15 

pooled mice). I. Overlayed staining intensity of selected markers in indicated insert in H. J. 

Gating strategy of CD55+ HSPCs and projection on UMAP in H. K. Gating strategy of the 

EBM progenitor pool and projection on UMAP in H. (Baso: basophil, c-FI: background-

corrected fluorescence intensity, EBM: eosinophil/basophil/mast cell progenitors, Eo: 

eosinophil, Ery: erythroid, FI: fluorescence intensity, HSC: hematopoietic stem cell). See also 

Figure S3 and Tables S1 and S3. 

 

Figure 2. Murine eosinophilopoiesis progresses along a continuum of immunophenotypes. 

A. Infinity Flow-derived UMAP of eosinophil lineage cells in murine BM displaying 4 main 

immunophenotypes used to partition their maturation continuum into 4 stages (I to IV) with 

pseudodensity overlayed (left) and heatmap of their relative expression of highly expressed 

markers (right, see Table S4 for signal intensity of all markers staining eosinophil-lineage cells, 

result of one experiment on 15 pooled mice). B. 9-color flow cytometric panel allowing the 

separation of murine eosinophil maturation into 4 (I-IV) immunophenotypic stages (Infinity 

Flow-inferred markers in green). C. UMAP of murine viable dump-negative (Ly6G- B220- 

NK1.1- CD90.2-) CD45+ BM cells stained with marker panel in B as pseudodensity plot (left) 

or with maturation stages I to IV overlayed (right). D. Gating strategy, downstream of gating 

strategy in Figure S3D, used for partitioning eosinophil maturation into stages I to IV. E. Light 

imaging photographs of stage I-IV eosinophils (scale bar: 15 m). F-G. Bulk RNA sequencing 



comparisons of stage I-IV BM eosinophils from 3 donors presented in a principal component 

analysis (F, upper, dashed lines connect samples from the same donor), as heatmaps of 

differentially expressed genes (DEG) between each stage (F, lower) and as major co-regulated 

modules (G and Table S5). H. Gene ontology (GO) enrichment analysis on co-expressed gene 

modules in G (FDR: false discovery rate). I. Comparison of normalized gene expression of 

selected genes in F (box-and-whisker diagrams with minimum and maximum values as 

boundaries, one-way ANOVA followed by TukeyHSD tests). See also Figure S3 and Tables 

S4 and S5. 

 

Figure 3. High dimension flow cytometric screening resolves human eosinophil ontogeny 

A. Experimental outline of a flow cytometric screening focused on the human eosinophil 

lineage (more detail in Figure S4A-B). B. UMAP of an Infinity Flow-integrated 153-marker 

staining of viable lineage-negative CD45+ human BM cells with major lineages annotated 

based on cell surface markers in Figure S4C and Table S3 (result of one experiment). C. 

Overlayed staining intensity of selected markers in B. D. Gating strategy of early eosinophil 

progenitors (EoP, red) and basophil/mast cell progenitors (BMP, blue), relative staining 

intensity with anti-CD125 and projection on UMAP in B. (HSC: hematopoietic stem cells, 

MPP: multipotent progenitors). See also Figure S4 and Table S3. 

 

Figure 4. High dimension flow cytometric screening resolves human eosinophil 

maturation. A. Infinity Flow-derived UMAP of eosinophil lineage cells in human BM 

displaying 4 main immunophenotypes used to partition their maturation into 4 stages (I to IV) 

with pseudodensity overlayed (result of one experiment). B. Heatmap of the relative expression 

of highly expressed markers in maturation stage I-IV eosinophils (signal intensity of all 

markers staining eosinophil-lineage cells is in Table S6) and 10-color flow cytometric panel 

for the partition of the maturation continuum of human eosinophils into 4 stages. C. UMAP of 

human eosinophil lineage cells stained with marker panel in C as pseudodensity plot (left) or 

with maturation stages overlayed (right). D. Gating strategy for partitioning human eosinophil 

maturation into stages I to IV. E. Light imaging photographs of stage I-IV eosinophils (scale 

bar: 10 m). F-G. Bulk RNA sequencing comparisons of stage I-IV BM eosinophils from 3 

donors presented in a principal component analysis (F, upper, dashed lines connect samples 

from the same donor), as heatmaps of differentially expressed genes (DEG) between each stage 

(F, lower) and as major co-regulated modules (G and Table S7). H. Gene ontology (GO) 



enrichment analysis on co-expressed gene modules in G (FDR: false discovery rate). I. 

Comparison of normalized gene expression of selected genes in F (box-and-whisker diagrams 

with minimum and maximum values as boundaries, one-way ANOVA followed by TukeyHSD 

tests). See also Tables S6 and S7  

 

Figure 5. Eosinophil lineage progenitors expand in models of eosinophilic conditions. A. 

Experimental outline of the induction of eosinophilia in mice by repeated treatment with 

recombinant IL-33. B. Abundance of stage I-IV eosinophils in the BM of mice in A. C. 

Abundance of eosinophils in the blood of mice in A. D. UMAP of BM cells in A with 

pseudodensity overlayed. E. Experimental outline (up) of the analysis of the abundance of 

stages I-IV BM eosinophils (lower left) and of blood eosinophils (lower right) in mice infected 

with Nippostrongylus brasiliensis. F. Experimental outline (up) of the analysis of the 

abundance of stages I-IV BM eosinophils (lower left) and of blood eosinophils (lower right) in 

mice intranasally instilled with extracts of the mold Alternaria alternata. (Data pooled from 2 

independent experiments each with n=3/group presented as mean ± SD and analyzed by one-

way ANOVA on each eosinophil subpopulation followed by TukeyHSD tests. Ns: not 

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<1.10-4, IP: intraperitoneal).  

 

Figure 6. Increased transit amplification sustains eosinophil lineage expansion. A. PCA 

of the transcriptomes of stage I-IV murine eosinophils from mice in the steady-state or made 

eosinophilic by the administration of IL-33 for 7 days as in Figure 5A (n=3/group, dashed lines 

connect stages in each donor). B. GO enrichment analysis on the genes with positive or 

negative loadings in PC1 in A. C. Bulk RNA sequencing comparison of stage I-IV eosinophils 

in A with major co-regulated modules (see Table S8) and selected genes. D. GO enrichment 

analysis on co-regulated gene modules in C. E. Comparison of normalized gene expression of 

selected genes in C. F. Row-scaled heatmap of bulk SCENIC analysis of samples in A (left) 

and comparison of selected regulon activity (right) G-I. Comparison of 5-ethynyl-2’-

deoxyuridine (EdU) incorporation after a one-hour pulse in models of eosinophilia elicited by 

recombinant IL-33 (G), N. brasiliensis (Nb) infection (H) or intranasal instillation of A. 

alternata (Aa) (I) as in Figure 5. (Data pooled from 2 independent experiments each with 

n=3/group). (E-I: box-and-whisker diagrams with minimum and maximum values as 

boundaries, 2-way ANOVA followed by TukeyHSD tests. FDR: false discovery rate). See also 

Table S8. 

 



Figure 7. IL-5 promotes transit amplification of committed eosinophil progenitors. A. 

Schematic of the targeting of the Il5ra locus for the generation of IL5-R reporter mice. B. 

Representative flow cytometric analysis of the expression of the eGFP reporter (upper) and 

TdTomato expression (lower) in stage I-IV eosinophils from the indicated transgenic mice with 

non-transgenic littermate as control. C. UMAP of HSPCs (marked by c-kithi expression) and 

eosinophil (marked by CCR3) and basophil (marked by CD200R3) lineages in murine dump- 

CD45+ CD55+ BM cells (EBM: eosinophil/basophil/mast cell progenitors, result of one 

experiment on 3 pooled mice). D. Projection on the UMAP in C of gated eosinophil and 

basophil progenitors (red, gated as in Figure S6D) and of eosinophil-committed progenitors 

identified by expression of the eGFP IL5RAporter transgene within EBM (orange). E-F. 

UMAP and abundance of stage I-IV eosinophils in the BM of steady-state Il5-/- mice and Il5-/- 

mice stimulated for 7 days with IL-33 as in Figure 5 (box-and-whisker diagrams with minimum 

and maximum values as boundaries, data pooled from 2 independent experiments each with 

n=3/group and analyzed by separate 2-way ANOVA followed by TukeyHSD tests comparing 

stage I-IV cell abundance in control versus IL-33-stimulated Il5-/- mice on the one hand, and 

in control Il5-/- mice versus reference wild-type values on the other hand, reference wild-type 

values were from steady-state mice in Figure 5). G. Abundance of stage I-IV eosinophils in the 

BM of mice treated for 7 days with IL-33 as in Figure 5 and receiving either an isotype control 

or anti-IL5 neutralizing antibodies starting on the 6th day. For comparison, data is overlayed on 

data from Figure 5B (grey) (data pooled from 2 independent experiments each with n=3/group 

presented as mean ± SD and analyzed by one-way ANOVA followed TukeyHSD tests). H-I. 

Heatmap of co-regulated modules (H) and GO enrichment analysis and comparison of the 

expression (I) of the indicated genes (n=3/group, box-and-whisker diagrams with minimum 

and maximum values as boundaries, 2-way ANOVA followed by TukeyHSD tests). See also 

Figure S6. 

  



STAR Methods 

 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Christophe J Desmet (christophe.desmet@uliege.be). 

 

Materials availability 

IL-5R reporter (IL5RAporter) mice described in this study are available upon request from 

the Lead contact with a signed MTA. 

 

Data and code availability 

 Bulk and single-cell RNA-sequencing data is available from the Gene Expression 

Omnibus database at the National Centre for Biotechnology Information and is publicly 

available as of the date of publication. Accession numbers are listed in the key resources 

table.  

 This study did not involve original code. Software and packages used are listed in the 

key resources table. Scripts of the presented bioinformatic analyses are available upon 

request from the Lead contact.  

 Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

Mouse studies 

C57BL/6J and Il5-/- (C57BL/6-Il5tm1Kopf/J) mice were purchased from The Jackson 

Laboratory. Irf8-/- mice were described previously 63. All mice were housed and bred under 

standard conditions in institutional specific pathogen-free facilities. Age- and sex-matched 

(female and male) groups of mice were used at 8–16 weeks of age and, when exposed to 

different treatments, were randomly assigned to experimental groups. Experimenters were not 

blinded. All animal experiments were approved by the animal ethics committee of the 

University of Liege and complied with the Animal Research: Reporting of In Vivo 

Experiments guidelines, the European Union directive 2010/63/EU and the Declaration of 

Helsinki for the use and care of animals. 



 

Human participants 

Five healthy donors undergoing total hip replacement were recruited in the study for bone 

marrow sample collection. One sample (54-year-old female) was used to set up a backbone 

panel and a second (62-year-old male) to run a flow cytometric screening. The 3 other samples 

(73-year-old female, 50-year-old male and 80-year-old female) were used to sort and perform 

RNA sequencing on stages of eosinophil maturation. The study was approved by the local 

ethics committee (IACUC, University of Liège) and written informed consent was obtained 

from all study participants. This research was undertaken in accordance with The Code of 

Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving 

humans and followed the Recommendations for the Conduct, Reporting, Editing and 

Publication of Scholarly Work in Medical Journals of the International Committee of Medical 

Journal Editors. 

 

METHOD DETAILS 

Generation of IL-5R reporter mice 

IL-5R reporter (IL5RAporter) mice were generated by PolyGene AG (Rümlang, Switzerland) 

using homologous gene targeting in C57BL/6 embryonic stem (ES) cells. The Il5ra gene is 

stretched roughly over 38 kb on mouse chromosome 6. The gene codes for 3 known primary 

transcripts, translated into two different peptides: the IL5RA protein (415 amino acid residues, 

coded by transcripts 201 and 202) and a 75-amino acid peptide (coded by transcript 203). We 

exchanged the first coding exon of all transcripts (corresponding to exon 4 in transcript 202) 

with the CDS of eGFP-T2A-Cre in a way that the original initiating ATG becomes the initiating 

ATG of the eGFP-T2A-Cre construct, which is supplemented with a SV40 poly(A) signal. An 

FRT-flanked neomycin selection cassette is inserted immediately downstream and a fragment 

of 2.2 kbp is deleted, eliminating the region of exon 5. This targeting strategy disrupts the Il5ra 

gene, leading to its knock-out. The targeting construct, K128.8a, was assembled by 

conventional cloning using homology arms straddling exons 4 and 5 of the Il5ra gene retrieved 

from BAC RP23-238B21, some synthesized elements, and selection and expression cassettes 

available at PolyGene. The flanking homology arms were short (2.6 /2.5 kbp) due to DNA 

elements that are refractory to cloning in bacteria, and the linearized vector yielded poor 

targeting frequency upon electroporation. Consequently, CRISPR targeting was used to 

enhance the frequency of homologous targeting. CRISPR guides were designed to induce cuts 



as close as possible to homology arms, cutting the genome but not affecting the targeting vector 

or the recombined target. ES clones were generated via colipofection (Invitrogen Lipofectamin 

LTX) using 1μg of the guide plasmids and 1μg of the unmodified circular homology donor 

vector followed by selection with 0.8μg /ml puromycin and 200μg/ml G418. Out of 288 tested 

clones, six clones with correct integration at both homology sites were identified by PCR and 

injected into C57Bl/6Ng blastocysts. Five chimeric males obtained from the blastocyst 

injections were mated to Flp-deleter mice on C57Bl/6Ng background to assess transmission to 

the germ line, and cause elimination of the neo cassette via Flp/FRT excision. Chimeric males 

derived from 2 separate clones displayed germline transmission within their first litter. The 

heterozygous genotype was pathologically unsuspicious. 

 

Human bone marrow preparation 

Bone marrow aspirates were obtained from the femur of donors undergoing total hip 

replacement. Bone marrow was collected by aspiration before removal of the femoral head. A 

bone biopsy needle was inserted at the greater trochanter. The surgeon aspirated bone marrow 

using a heparinised 10 mL syringe and transferred it to heparin tubes. 

 

 

10X single-cell RNA sequencing  

Myeloid progenitors were sorted from the bone marrow of steady-state C57Bl/6 mice using a 

BD FACSAria III (BD Biosciences) cell sorter as described in Rosu et al.64. Siglec-F+ bone 

marrow leukocytes were sorted using the same instrument from C57Bl/6 mice injected for 7 

days with IL-33. Cells were resuspended in Ca and Mg free PBS containing 0.4mg/ml of 

UltraPure™ BSA (Thermofisher, AM2616). In total, 16,000 sorted cells were submitted to the 

10X Genomics pipeline for encapsulation aiming for a recovery of ~10,000 sequenced single 

cells as described in the manufacturer’s instructions. Sequencing libraries were prepared using 

Chromium Single Cell 3' Reagent Kit V3 (10X Genomics) as per manufacturer’s instructions. 

CDNA quality and quantity were controlled using Agilent High Sensitivity DNA Kit (Agilent) 

on a 2100 Bioanalyser (Agilent). Sequencing was performed on an Illumina NovaSeq 6000 

sequencer using the following read lengths: 28 bp for Read1, 8bp for sample index and 80bp 

for Read2. Reads were mapped to the GRCm38 reference genome using Cell Ranger (v3.0.2). 

 

10X Flex single-cell RNA sequencing combined with CITE-Seq 



Single-cell suspension of mouse bone marrow from steady state CB57BL/6 mice was first 

incubated with TruStain FcX™ PLUS (anti-mouse CD16/32) Antibody (BioLegend, 156603) 

for 10 mins at 4°C,washed with PBS 1% BSA, spun at 300g for 5 mins  and then stained for 

Ly6G-FITC (BioLegend, 127606), CD90.2-FITC (BioLegend, 140204), NK1.1-FITC 

(eBioscience, 11-5941-85), CD45R-FITC (eBioscience, 11-0452-85), CD55-Biotin (R&D 

systems, BAF5376), CD45-AF700 (BioLegend, 103128) CD115-BV786 (BD Biosciences, 

750888) along with the following TotalSeq-B antibodies: TotalSeq™-B0014 anti-

mouse/human CD11b (BioLegend, 101273), TotalSeq™-B0130 anti-mouse Ly-6A/E (Sca-1) 

(BioLegend, 108149), TotalSeq™-B0114 anti-mouse F4/80 (BioLegend, 123155), 

TotalSeq™-B0012 anti-mouse CD117 (c-Kit) (BioLegend, 105849), TotalSeq™-B0203 anti-

mouse CD150 (SLAM) (BioLegend, 115951), TotalSeq™-B0115 anti-mouse FcεRIα 

(BioLegend, 134341), TotalSeq™-B0808 anti-mouse CD193 (CCR3) (BioLegend, 144529), 

TotalSeq™ B0570 anti-mouse/rat CD29 (BioLegend, 102239), TotalSeq™-B0431 anti-mouse 

CD170 (Siglec-F) (BioLegend, 155517) for 30 minutes on ice. Cells were washed and stained 

with TotalSeq™-B0952 PE Streptavidin (BioLegend, 405287) for 30 minutes on ice and 

washed again. Next, cells were fixed for 1 hour at room temperature using the Chromium Next 

GEM Single Cell Fixed RNA Sample Preparation Kit (10X Genomics, 1000414) according to 

manufacturer’s instructions and CD45+CD55+dump- CD115- cells were sorted using a BD 

FACSAria III (BD Biosciences) cell sorter and collected into PBS containing 1% ultrapure 

BSA (Fisher Scientific, 10743447) and 0.4Unit/µl Protector RNase Inhibitor (Merck, 

3335399001). 800,000 sorted cells were subsequently submitted to probe hybridization using 

the Chromium Fixed RNA Kit, Mouse Transcriptome (10X Genomics, 1000495) according to 

manufacturer’s instructions and 16000 probed cells were submitted to GEM generation, 

barcoding and construction of libraries were performed using the Chromium Next GEM Chip 

Q Single Cell Kit (10X Genomics, 1000422) and the Fixed RNA Feature Barcode Kit (10X 

Genomics, 1000419) following the CG00047 user guide. cDNA quality and quantity were 

controlled using Agilent High Sensitivity DNA Kit (Agilent) on a 2100 Bioanalyser (Agilent). 

Sequencing was performed on an Illumina NovaSeq 6000 and reads were mapped to the probe 

set and antibody barcode sequences using Cell Ranger (v3.0.2). 

 

Single-cell RNA sequencing data processing and analysis 

Raw feature matrices obtained from Cell Ranger (v3.0.2) were converted into a Seurat object 

and analysed using Seurat V4 (v4.3.0)65 in R (v4.0.3). Genes contained in at least 3 cells and 

cells containing at more than 725 (Myeloid progenitors) or 200 (Siglec-F+ Leukocytes) but less 



than 7000 RNA features and with a percentage of mitochondrial genes comprised between 1 

and 10% (Myeloid progenitors) or below 20% (Siglec-F+ Leukocytes) were selected for 

subsequent analysis. Clustering was performed using the Leiden algorithm (v0.4.3)66. 

Slingshot (v1.8.0)67 was used for lineage trajectory inference and pseudotime calculation. 

Regulon activities were computed with SCENIC (v1.3.1) and AUCell(v1.21.2) 64 as in: 

http://htmlpreview.github.io/?https://github.com/aertslab/SCENIC/blob/master/inst/doc/SCE

NIC_Running.html.  

For fixed single-cell RNA sequencing combined CITE-seq, data was also analysed 

using Seurat V4 following the WNN pipeline 

(https://satijalab.org/seurat/articles/weighted_nearest_neighbor_analysis) and cells with at 

least 10 RNA features and 30 RNA counts were selected for analysis. Cells with low RNA 

content but at least 500 counts of any protein feature were also integrated to the analysis. 

Erythroid , basophil and eosinophil clusters were subselected in order to rerun the analysis 

focusing only on these lineages. 

Single-cell RNA sequencing data from magnetically enriched SiglecF+ cells from the 

bone marrow of steady state IL-5 transgenic mice was downloaded from: 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182001 8. Cells with at least 200 

but no more than 6000 RNA features, at least 500 RNA counts and a percentage of 

mitochondrial genes between 0 and 10% were used for subsequent analysis with SeuratV4. The 

20 first principal components were used to compute Nearest Neighbors and UMAP and a 

resolution of 0.5 was used for Louvain Clustering. 

 

Mouse and human single-cell suspensions 

Mouse blood was collected from the orbital sinus of terminally anesthetized mice and 

incubated with in-house prepared ammonium chloride lysis buffer (UltraPure distilled water 

(Invitrogen) supplemented with 150mM NH4Cl, 10mM KHCO, and 0.1mM EDTA) at room 

temperature for 5 minutes to lyse red blood cells. Cell suspension was passed through a 70M 

cell strainer to remove cell clumps and washed twice prior to surface marker staining.  

Mouse bone marrow was recovered from hind leg bones (pelvis, tibia, and femur). Bones 

were flushed with 10mL ice-cold PBS and passed through a 70µM cell strainer to remove cell 

clumps. Recovered single-cell suspensions were incubated with ammonium chloride lysis 

buffer for red blood cell lysis. Single-cell suspensions were washed twice with PBS prior to 

surface marker staining. 

http://htmlpreview.github.io/?https://github.com/aertslab/SCENIC/blob/master/inst/doc/SCENIC_Running.html
http://htmlpreview.github.io/?https://github.com/aertslab/SCENIC/blob/master/inst/doc/SCENIC_Running.html
https://satijalab.org/seurat/articles/weighted_nearest_neighbor_analysis
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182001


Human bone marrow aspirates were washed twice by diluting 1:50 in PBS. Red blood 

cells were depleted using EasySep™ RBC Depletion Reagent for a total of three cycles 

(Stemcell, 18170) following the manufacturer’s instructions. The recovered single-cell 

suspensions were washed twice with PBS prior to surface marker staining.  

 

High dimensional flow cytometric screening 

Single-cell suspensions of mouse bone marrow from CB57BL/6 mice were first stained for 

Ly6G-FITC (BioLegend, 127606), CD90.2-FITC (BioLegend, 140204), NK1.1-FITC 

(eBioscience, 11-5941-85), CD45R-FITC (eBioscience, 11-0452-85) for 30 minutes on ice. 

Samples were immunomagnetically enriched for cells of interest using EasySep™ FITC 

positive selection kit II (Stemcell, 17682) as described in the manufacturer’s instructions. The 

negative fractions were subsequently stained on ice for 30 minutes using a 13-color backbone 

panel with the following antibodies: SCA-1-BUV395 (BD Biosciences, 563990), CD11b-

BUV737 (BD Biosciences, 621800), CD115-BV421 (BD Biosciences, 743638), CD55-biotin-

streptavidin-BV510 (R&D, BAF5376, BD Biosciences, 563261), CXCR2-BV605 (BD 

Biosciences, 747814), Siglec-F-BV711 (BD Biosciences, 740764), CD16/32-BV786 (BD 

Biosciences, 740851), c-Kit-BB700 (BD Biosciences, 566414), CD200R3-PE-cy7 

(eBioscience, 25-2001-82), CCR3-APC (BioLegend, 144512), CD45-Alexa fluor 700 (BD 

Biosciences, 560510), and FcεR1α-APC-eFluor780 (eBioscience, 47-5898-82) in 1X BD 

Horizon™ Brilliant stain buffer (BD Biosciences, 563794) for 30 minutes on ice (Figure S2A). 

Cells were washed twice and aliquoted into individual wells (3.105 cells/well) all containing a 

different PE-conjugated antibody (LEGENDScreen™, BioLegend, 700003) and incubated for 

30 minutes on ice.  

Single cell suspensions of human bone marrow were stained on ice for 30 minutes with 

a 12-color backbone panel containing the following antibodies: CD38-BUV395 (BD 

Biosciences, 563811), CD34-BUV737 (BD Biosciences, 748739), CD125-biotin-streptavidin-

BV421 (Miltenyi, 130-110-543, BD Biosciences, 563259), FcεR1α-BV510 (BD Biosciences, 

747786), CD11b-BV711 (BioLegend, 101242), CD45-BV786 (BD Biosciences, 563716), 

lineage-FITC (BioLegend, 348801), Siglec-8-BB700 (BD Biosciences, 747867), CD200R-PE-

cy7 (BioLegend, 329312), CCR3-APC (Miltenyi, 130-116-507), c-Kit-APC-R700 (BD 

Biosciences, 565195), and CD66b-APC-cy7 (BD Biosciences, 305126) in 1X BD Horizon™ 

Brilliant stain buffer (BD Biosciences, 563794) for 30 minutes at room temperature (Figure 

S3A). Cells were washed twice and aliquoted into individual wells all containing a specific PE-



conjugated marker (LEGENDScreen™, BioLegend, 700007) and incubated for 30 minutes at 

room temperature.  

All mouse and human samples were washed twice and the final cell pellet was 

resuspended in FACS buffer supplemented with 5nM BD Via-Probe™ Green (BD 

Biosciences, 565802). The 96-wells plates were acquired on a 5-laser BD LSRFortessa cell 

analyser (BD biosciences).  

All data were pre-processed using FlowJo™ software (BD Biosciences, version 10.8, 

Supplementary Figures 2B & 3B). Each FCS file was assessed for quality control and single 

viable CD45+ dump- cells were selected for further analysis. Only markers with expression 

higher than background on any of the events within the pool of target cells were provided to 

the Infinity Flow pipeline totalling 163 markers for the human analysis and 142 for the mouse 

(Figure S3B and S4B). The Infinity Flow pipeline was run as described in Becht et al.41. with 

4.104 target cells as input for human data and 5.104 cells for mouse data. Output FCS files were 

concatenated into a single file for downstream analysis using FlowJo™ software. 

 

Cell sorting of stages of eosinophil maturation from mouse and human bone marrow  

Suspensions of mouse bone marrow cells from CB57BL/6 at steady state and following 7 daily 

IL-33 intraperitoneal injections were first stained with anti-Ly6G-FITC (BioLegend, 127606), 

CD90.2-FITC (BioLegend, 140204), NK1.1-FITC (eBioscience, 11-5941-85), CD45R-FITC 

(eBioscience, 11-0452-85) for 30 minutes on ice. Samples were immunomagnetically enriched 

for cells of interest using EasySep™ FITC positive selection kit II (Stemcell, 17682) as 

described in the manufacturer’s instructions. The negative fractions were subsequently stained 

for CD29-pacblue (BioLegend, 102224), F4/80-BV510 (BioLegend, 123125), SiglecF-

BV711(BD Biosciences,740764), CD55-biotin-streptavidin-BV786 (R&D, BAF5376, BD 

Biosciences, 563858), c-Kit-BB700 (BD Biosciences, 566414), Pir-A/B-PE (BioLegend, 

144104) and CD200R3-PE-cy7 (BioLegend, 142212) in 1X BD Horizon™ Brilliant stain 

buffer (BD Biosciences, 563794) for 30 minutes on ice. 

Human bone marrow single cell suspensions were first stained with Lineage-cocktail 

(BioLegend, 348801) for 30 minutes on ice. Samples were immunomagnetically enriched for 

cells of interest using EasySep™ FITC positive selection kit II (Stemcell, 17682) as described 

in the manufacturer’s instructions. The negative fractions were next stained for CD84-BV421 

(BD Biosciences, 566904), FcεR1α-BV510 (BD Biosciences, 747786), CD11b-BV711 

(BioLegend, 101242), CD45-BV786 (BD Biosciences, 563204), Siglec-8-BB700 (BD 

Biosciences, 747867), CD38-PE (BioLegend, 356604), CD200R-PE-cy7 (BioLegend, 



329312), CCR3-APC (Miltenyi, 130-123-300), and CD66b-APC-cy7 (BioLegend, 305126) in 

1X BD Horizon™ Brilliant stain buffer (BD Biosciences, 563794) for 30 minutes at room 

temperature.  

All mouse and human cells suspensions were washed twice and resuspended in PBS 

supplemented with 5nM BD Via-Probe™ Green (BD Biosciences, 565802). Mouse and human 

eosinophil stages were sorted directly into TRIzol (ThermoFisher, 15596026) or into FACS 

buffer for bright-field microscopy using a BD FACSAria III (BD Biosciences) cell sorter with 

a 100μm nozzle. Sort purity was at 95 per cent or higher and samples were stored at -80°C for 

downstream RNA applications or processed immediately for bright-field microscopy. 

 

Bright-field microscopy 

Sorted human- and mouse bone marrow cells were sedimented at 300xg for 5 minutes and 

resuspended in Freeflex Geloplasma 3% (Fresenius Kabi, RVG 20107), loaded into a 

cytofunnel and spun at 800rpm for 4 minutes on a 12 samples rotor in a Tharmac Cellspin I 

machine. Slides were left to dry 30 minutes and cells were stained using Hemacolor Rapid 

staining kit (Sigma-Aldrich, 1116610001). Bright-field cell images were taken at 1500x total 

magnification using an oil immersion objective. 

 

RNA extraction 

Human blood and mouse bone marrow eosinophils were sorted as described above directly into 

TRIzol (ThermoFisher). For every mL of TRIzol, 200L of chloroform was added, and the 

samples were vigorously mixed and incubated for 2 minutes at room temperature. Samples 

were centrifuged at 10,000xg for 15 minutes at 4°C to separate the phases. The RNA-

containing upper aqueous phase was transferred to a new microcentrifuge tube containing 

475L of isopropanol and 2L of glycoblue (ThermoFisher, AM9515). Samples were 

centrifuged at 10,000xg for 15 minutes and supernatant was discarded. One volume of 75% 

ethanol was added to wash the RNA pellet and samples were centrifuged at 10,000xg for 1 

minute and supernatant was discarded. RNA pellet was resuspended in 40L of DNase/RNase-

free water for a 15-minute DNase treatment (Zymo Research, E1010). DNase treatment was 

followed by column-based RNA purification with the RNA Clean & concentrator-5 kit (Zymo 

Research, R1016). Briefly, 100L of RNA binding buffer was added to every 50L sample 

and mixed thoroughly. One volume of 100% ethanol was added and the sample was transferred 

into a Zymo-Spin IC column in a collection tube. Columns were centrifuged at 10,000xg for 



30 seconds and flow-through was discarded. The column was washed once with RNA prep 

buffer and twice with RNA wash buffer, following the manufacturer’s instructions. RNA was 

eluted in 10L of DNase/RNase-free water and stored at -80°C. Integrity and quantity of 

purified RNA were assessed using the RNA 6000 Pico kit (Agilent) for the presence of 18s and 

28s rRNA peaks.  

 

RNA sequencing & data processing 

Full length cDNA was prepared from isolated RNA using SMART-Seq v4 Ultra Low Input 

RNA kit (Takara Bio, 634889) following the manufacturer's instructions, with 17 cycles of 

cDNA amplification. Final cDNA quality was assessed using Agilent High Sensitivity DNA 

kit (Agilent, 5067-4626). cDNA libraries were prepared for sequencing using Nextera XT 

DNA library preparation kit (Illumina, FC-131-1024) using the manufacturer’s instructions and 

samples were sequenced on a NovaSeq 6000 sequencing system (Illumina).  

 

Differential gene expression analyses 

Sequenced reads were aligned to the mouse genome (UCSC mm10) or the human genome 

(HG19) with RNA-seq Alignment (v2.0.2) using STAR aligner (version 2.6.1a) on BaseSpace 

(https://basespace.illumina.com). Uniquely mapped reads were used to calculate gene 

expression. Differential gene expression was calculated using DESeq2 (v1.26.0) in R (v4.1.2) 
68. For analysis of differential gene expression along steady-state human and murine 

eosinophilopoiesis, we performed a paired likelihood ratio test (LRT) comparing the full model 

(gene count~donor+stage) with a reduced model (gene count~donor) on well-expressed 

expressed genes (baseMean>100). For comparison of eosinophil maturation stages in steady-

state and IL33-stimulated mice, we used a likelihood ratio test (LRT) comparing the full model 

(gene count~stage*condition) with a reduced model (gene count~stage) on well-expressed 

expressed genes (baseMean>100). Genes with FDR<1.10-4 were considered as differentially 

expressed. Co-regulated gene modules were computed using the DEGPattern function of 

DEGreport (v1.30.3) with default settings and a cluster size >100 or >50 genes.  

 

Gene set enrichment analyses 

Enrichment of specified gene sets in GeneOntology biological process gene signatures was 

calculated using ShinyGO (v0.77, http://bioinformatics.sdstate.edu/go/) with default 

parameters. Regulon activities were computed with SCENIC (v1.3.1) and AUCell (v1.21.2). 

http://bioinformatics.sdstate.edu/go/


Genes not represented by at least 1 UMI in each sample on average were discarded. The 

subsequent first quartile of lowly expressed genes was also filtered out. In bulk RNAseq 

analyses, only regulons with at least 0.3 activity score in any of the samples were considered 

for subsequent analysis. 

 

Models of eosinophilia using IL-33, Nippostrongylus brasiliensis, and Alternaria alternata 

For the IL-33 model, CB57BL/6 mice were injected intraperitoneally with 400ng of 

recombinant murine IL-33 in sterile PBS (Biolegend, 580506) daily for 7 days. Single cell bone 

marrow suspensions were harvested at steady state and at days 2, 4, 7, 9, and 12 (Figure 5A). 

Single cell bone marrow suspensions of Il5-/- mice were harvested at steady state and at day 7. 

CB57BL/6 mice also receiving anti-IL-5 treatment in addition to IL-33 were injected 

intraperitoneally with 400μg of anti-IL-5 (BioLegend, 504318) in sterile PBS at day 6, 7, and 

8. 

Nippostrongylus brasiliensis parasites were maintained in male Wistar rats as described 

previously 43,44. L3 larvae were subsequently isolated from 9 to 16-day fecal cultures using a 

Baermann apparatus. CB57BL/6 mice were subcutaneously infected with 500xL3 larvae in 

sterile PBS. Single cell bone marrow suspensions were harvested at steady state and at days 5, 

8, and 15 (Figure 5E). 

In the Alternaria alternata model, we intranasally administered 200 g of Alternaria 

alternata extract (Citeq biologics, 09.01.26) in sterile PBS daily for 22 days to CB57BL/6 

mice. Single cell bone marrow suspensions were harvested at steady state and at days 4, 8, 15, 

22, and 30 (Figure 5F).  

All recovered single cell bone marrow suspensions were subsequently 

immunophenotyped using the following 9-color conventional flow cytometry panel: CD29-

Pacific Blue (BioLegend, 102224), F4/80-BV510 (BioLegend, 123125), Siglec-F-BV711(BD 

Biosciences,740764), CD55-biotin-streptavidin-BV786 (R&D, BAF5376, BD Biosciences, 

563858), Ly6G-FITC (BioLegend, 127606), CD90.2-FITC (BioLegend, 140204), NK1.1-

FITC (eBioscience, 11-5941-85), CD45R-FITC (eBioscience, 11-0452-85), c-Kit-BB700 (BD 

Biosciences, 566414), Pir-A/B-PE (BioLegend, 144104) and CD200R3-PE-cy7 (BioLegend, 

142212), and CCR3-APC (BioLegend, 144512) in 1X BD Horizon™ Brilliant stain buffer (BD 

Biosciences, 563794) for 30 minutes on ice. Stained samples were washed twice and 

resuspended in FACS buffer supplemented with 5nM BD Via-Probe™ Green (BD 

Biosciences, 565802). All samples were acquired on a 5-laser BD LSRFortessa cell analyser 



(BD biosciences) and recorded data were analysed using FlowJo™ software (BD Biosciences, 

version 10.8). Instrument daily laser variations were corrected using BD FACSDiva™ CS&T 

research beads (BD Biosciences, 655050) and linked custom application settings system. 

Viable single cells were normalised across the different samples and eosinophil stages were 

quantified as cells per million bone marrow cells.  

 

DNA replication assays 

CB57BL/6 mice at steady-state and in models of eosinophilia were injected intraperitoneally 

with 1mg of EdU (5-ethynyl-2’-deoxyuridine) in PBS exactly 1 hour before sacrifice. Bone 

marrow cells were submitted to Click-iT™ EDU Alexa Fluor™ 647 Flow Cytometry Assay 

Kit (Thermofisher, C10424) following the manufacturer’s instructions. Single cell bone 

marrow suspensions were stained with anti-CD29-pacblue (BioLegend, 102224), F4/80-

BV510 (BioLegend, 123125), Siglec-F-BV711 (BD Biosciences,740764), CD55-biotin-

streptavidin-BV786 (R&D, BAF5376, BD Biosciences, 563858), Ly6G-FITC (BioLegend, 

127606), CD90.2-FITC (BioLegend, 140204), NK1.1-FITC (eBioscience, 11-5941-85), 

CD45R-FITC (eBioscience, 11-0452-85), c-Kit-BB700 (BD Biosciences, 566414), Pir-A/B-

PE (BioLegend, 144104) and CD200R3- PE-cy7 (BioLegend, 142212) in 1X BD Horizon™ 

Brilliant stain buffer (BD Biosciences, 563794) for 30 minutes on ice. All stained suspensions 

were washed twice and acquired on a 5-laser BD LSRFortessa cell analyser (BD biosciences) 

and recorded data were analysed using FlowJo™ software (BD Biosciences, version 10.8). 

 

Characterization of Il5ra expression in murine bone marrow progenitor cells 

Bone marrow cells were harvested from IL5RAporter heterozygote (Il5RAporterKI/+) and 

CB57BL/6 (Il5ra+/+) mice. Cells were first stained for Ly6G-biotin (BioLegend, 127604), 

CD90.2-biotin (BioLegend, 140314), NK1.1-biotin (BioLegend, 108704), CD45R-biotin 

(BioLegend, 103204) for 30 minutes on ice. Samples were then immunomagnetically enriched 

for cells of interest using EasySep™ biotin positive selection kit II (Stemcell, 17683) as 

described in the manufacturer’s instructions. The negative fractions were subsequently stained 

for anti-SCA1-BV421 (BD Biosciences, 553108), F4/80-BV510 (BioLegend, 123125), 

CD150-BV711 (BioLegend, 115941), c-Kit- BB700 (BD Biosciences, 566414), CD55-PE 

(BioLegend, 131804), CD200R3- PE-cy7 (BioLegend, 142212), CD45-Alexa Fluor 700 

(BioLegend, 110724), CD16/32-APC-Cy-7 (BioLegend, 101328), CD11b-BUV737 (BD 

Biosciences, 612800), and streptavidin-BUV395 (BD Biosciences, 564176) in 1X BD 

Horizon™ Brilliant stain buffer (BD Biosciences, 563794) for 30 minutes on ice. Samples were 



washed twice and acquired on a 5-laser BD LSRFortessa cell analyser (BD biosciences) and 

recorded data were analysed using FlowJo™ software (BD Biosciences, version 10.8). 

 

Characterization of Il5ra-expressing bone marrow leukocytes 

We built a 19-color antibody panel allowing the characterization of a wide variety of white 

blood cell lineages within the bone marrow. Bone marrow cells were harvested from 

Il5RAporterKI/+ and Il5ra+/+ mice and were stained with SiglecH-BV480 (BD Biosciences, 

752585), CD125-BV421 (BD Biosciences, 565015), FcεR1α-Pacific Blue (Sony 

biotechnology, 1271570), CD138-BV605 (Sony biotechnology, 1312580), c-Kit-BV650 

(Sony biotechnology, 1275625), CD64-BV711 (Sony biotechnology, 1296555), CD19-BV750 

(Sony biotechnology, 1177805), CD14-BV785 (Sony biotechnology, 1216685), CD3-Spark 

Blue 574 (Sony biotechnology, 1101380), Ly6G-PerCP (Sony biotechnology, 1238270), 

Siglec-F-PE (BD Biosciences, 552126), F4/80-PE-Dazzle 594 (Sony biotechnology, 

1215730), NK1.1-Pe-Cy5 (Sony biotechnology, 138620), CD200R3-Pe-Cy7 (BioLegend, 

329312), CD8a-PE-Fire700 (Sony biotechnology, 1103960), CCR3-APC (BioLegend, 

144512), CD4-APC-Fire480 (Sony biotechnology, 1102400), and CD45-Alexa Fluor™ 700 

(BioLegend, 110724) on ice for 30 minutes. Cells were washed twice and acquired on a 5 laser 

ID7000™ spectral cell analyser (Sony biotechnology).  All recorded data were analysed using 

FlowJo™ software (BD Biosciences, version 10.8). 

 

Assessment of staining and specificity of anti-murine CD125 antibodies 

Bone marrow cells were harvested from homozygote IL5RAporter (Il5RAporterKI/KI, which 

are knock-out for Il5ra) and Il5ra+/+ mice. Cell suspensions were stained with SiglecF-BV421 

(BD Biosciences, 562681), Ly6G-PerCP-Cy5.5 (BioLegend, 127615), and CCR3-APC 

(BioLegend, 144512) on ice for 30 minutes. Samples were subsequently aliquoted and stained 

with one of the following PE-conjugated anti-CD125 clones: T21 (BD Biosciences, 558488), 

REA343 (Miltenyi, 130-125-513), or DIH37 (BioLegend, 153403). All samples were washed 

twice and acquired on a BD FACSAria III (BD Biosciences) cell sorter. CD125+Ly6G+ and 

CD125+Ly6G- were sorted using a 100μm nozzle into FACS buffer for bright field microscopy 

and recorded data were analysed using FlowJo™ software (BD Biosciences, version 10.8). 

 

Quantification and statistical analyses 

All statistical analyses were performed in R (v4.1.2). All experiments followed a randomized 

design. Sample sizes were determined by power analysis. Respect of statistical tests 



assumptions and model fit were evaluated using diagnostic plots. Raw data were transformed 

when needed for normalization and back-transformed for graphical presentation. Sample size, 

number of independent experiments and statistical tests applied to each dataset are indicated in 

figure legends. For clarity of presentation, only results of intergroup comparisons of interest 

are displayed in figures.  

 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
BD Horizon™ BV421 Streptavidin BD Biosciences  Cat# 563259, RRID:AB_2869475 
BD Horizon™ BV510 Streptavidin BD Biosciences  Cat# 563261 
BD Horizon™ BV786 Streptavidin BD Biosciences Cat# 563858, RRID:AB_2869529 
CD16/32 (clone 2.4G2) BD Biosciences Cat# 740851, RRID:AB_2740505 
CD115 (clone T38-320) BD Biosciences Cat# 743638, RRID:AB_2741648 
CD117 (clone 2B8) BioLegend Cat# 105849, RRID:AB_2813938 
CD117 (clone 2B8) BD Biosciences Cat# 566414 (also 566415), 

RRID:AB_2744269 
CD117 (clone YB5.B8) BD Biosciences Cat# 565195, RRID:AB_2716871 
CD11b (clone M1/70) BioLegend Cat# 101242 (also 101241), 

RRID:AB_2563310 
CD11b (clone M1/70) BioLegend Cat# 101273, RRID:AB_2819781 
CD11b (clone M1/70) BD Biosciences Cat# 612800, RRID:AB_2870127 
CD125 (clone REA705 Miltenyi Biotec Cat# 130-110-543, RRID:AB_2654803 
CD150 (clone TC15-12F12.2) BioLegend Cat# 115951, RRID:AB_2860628 
CD170 (clone S17007L) BioLegend Cat# 155517, RRID:AB_2876514 
CD170 (clone E50-2440) BD Biosciences Cat# 740764, RRID:AB_2740427 
CD182 (clone V48-2310) BD Biosciences  Cat# 747814, RRID:AB_2872278 
CD193 (clone J073E5) BioLegend Cat# 144529, RRID:AB_2941427 
CD193 (clone J073E5) BioLegend Cat# 144512 (also 144511), 

RRID:AB_2565738 
CD193 (clone REA574) Miltenyi Biotec Cat# 130-116-507, RRID:AB_2727580 
CD200R (clone OX-108) BioLegend Cat# 329312 (also 329311), 

RRID:AB_2783197 
CD200R3 (clone Ba13) eBioscience Cat# 25-2001-82, RRID:AB_2848310 
CD200R3 (clone Ba13 BioLegend Cat# 142212 (also 142211), 

RRID:AB_2814046 
CD29 (clone HMβ1-1) BioLegend Cat# 102224, RRID:AB_2128079 
CD29 (clone HMβ1-1) BioLegend Cat# 102239, RRID:AB_2936675 
CD34 (clone 8G12) BD Biosciences Cat# 748739, RRID:AB_2873143 
CD38 (clone HB7) BD Biosciences  Cat# 563811 (also 563812), 

RRID:AB_2744372 
CD38 (clone HB7) BioLegend Cat# 356603 (also 356604), 

RRID:AB_2561899 
CD45 (clone 30-F11) BioLegend Cat# 103128 (also 103127), 

RRID:AB_493715 
CD45 (clone 30-F11) BD Biosciences Cat# 560510, RRID:AB_1645208 
CD45(clone HI30) BD Biosciences  Cat# 563204, RRID:AB_2738067 
CD45(clone HI30) BD Biosciences  Cat# 563716, RRID:AB_2716864 
CD45R (clone RA3-6B2) eBioscience Cat# 11-0452-85, RRID:AB_465055 
CD55 (clone DAF) R&D systems Cat# BAF5376, RRID:AB_2075978 



CD66b (clone G10F5) BioLegend Cat# 305125 (also 305126), 
RRID:AB_2750183 

CD84 (clone 2G7) BD Biosciences Cat# 566094, RRID:AB_2739498 
CD90.2 (clone 53-2.1) BioLegend (BioLegend Cat# 140304 (also 140303), 

RRID:AB_10642812) 
F4/80 (clone BM8) BioLegend Cat# 123135, RRID:AB_2562622 
F4/80 (clone BM8) BioLegend Cat# 123155, RRID:AB_2819847 
FcεRIα (clone AER-37) BD Biosciences Cat# 747786, RRID:AB_2872250 
FcεRIα (clone MAR-1) BioLegend Cat# 134341, RRID:AB_2860676 
FcεRIα (clone MAR-1) eBioscience Cat# 47-5898-82 (also 47-5898), 

RRID:AB_2573990 
Human Lineage Cocktail BioLegend Cat# 348801, RRID:AB_10612570 
Ly-6A/E (clone D7) Biolegend Cat# 108149, RRID:AB_2832369 
Ly-6A/E (clone D7) BD Biosciences Cat# 563990, RRID:AB_2738527 
Ly-6G (clone 1A8) BioLegend Cat# 127606; RRID:AB_1236488 
NK1.1 (clone PK136) eBioscience Cat# 11-5941-85, RRID:AB_465319 
PIR-A/B BioLegend Cat# 144104 (also 144103), 

RRID:AB_11204242 
Siglec-8 (clone 837535) BD Biosciences Cat# 747867, RRID:AB_2872329 
TotalSeq™-B0952 PE Streptavidin BioLegend Cat# 405287 
TruStain FcX™ PLUS BioLegend Cat# 156604 
Ultra-LEAF™ Purified anti-mouse/human 
IL-5 

BioLegend Cat# 504316 (also 504313, 504314, 
504315, 504317, 504318), 
RRID:AB_2814414 

   
Biological samples   
Human Bone marrow biopsies Biothèque hospitalo-

universitaire de Liège 
(BHUL) 

23143, 29980, 30030, 30139, 30163 
 

   
Chemicals, peptides, and recombinant proteins 
BD Via-Probe™ Green BD Biosciences Cat# 565802 
Freeflex Geloplasma 3% Fresenius Kabi Cat# RVG20107 
GlycoBlue™ Coprecipitant (15 mg/mL) Invitrogen™ Cat# AM9515 
Horizon™ Brilliant stain buffer BD Biosciences  Cat# 563794 
Protector RNase Inhibitor Merck Cat# 3335399001 
Recombinant murine interleukin-33 BioLegend Cat# 580506 
TRIzol™ Reagent Invitrogen™ Cat# 15596026 
UltraPure™ BSA (50 mg/mL) Invitrogen™ Cat# 10743447 
   
Critical commercial assays 
Chromium Single Cell 3' Reagent Kit V3  10X Genomics Cat# 1000076 

Cat# 1000077 
Cat# 1000078 

Chromium Fixed RNA Kit, Mouse 
Transcriptome 

10X Genomics Cat# 1000495 

Chromium Next GEM Chip Q Single Cell 
Kit 

10X Genomics Cat# 1000422 

Chromium Next GEM Single Cell Fixed 
RNA Sample Preparation Kit 

10X Genomics Cat# 1000414 

Click-iT™ EDU Alexa Fluor™ 647 Flow 
Cytometry Assay Kit 

ThermoFisher Cat# C10424 

DNase I Set Zymo Research Cat# E1010 
EasySep™ FITC positive selection kit II StemCell 

Technologies 
Cat# 17682 



EasySep™ RBC Depletion Reagent StemCell 
Technologies 

Cat# 18170 

Fixed RNA Feature Barcode Kit 10X Genomics Cat# 1000419 
Hemacolor® Rapid staining of blood smear Sigma-Aldrich Cat# 1116610001 
High Sensitivity DNA kit Agilent Cat# 5067-4626 
LEGENDScreen™ Human PE kit BioLegend Cat# 700007 
LEGENDScreen™ Mouse PE kit BioLegend Cat# 700003 
Nextera XT DNA library preparation kit Illumina Cat# FC-131-1024 
RNA Clean & Concentrator-5 Zymo Research Cat# R1016 
SMART-Seq v4 Ultra Low Input RNA kit Takara Bio Cat# 634889 
   
Deposited data 
Human bone marrow eosinophil stages 
transcriptomes at steady state 

This paper GEO: GSE249011 

Mouse bone marrow eosinophil stages 
transcriptomes at steady state and during IL-
33 induced eosinophilia 

This paper GEO: GSE249011 

Mouse bone marrow eosinophil stages 
transcriptomes during IL-33 induced 
eosinophilia treated with anti-IL-5 

This paper GEO: GSE249011 

Single cell transcriptomes of Lin- c-Kit+ 

IL7Ra- bone marrow cells 
This paper GEO: GSE249011 

Single cell transcriptomes and CITE-seq 
data of CD55+ bone marrow cells 

This paper GEO: GSE249011 

Single cell transcriptomes of Siglec-F+ bone 
marrow cells during IL-33 induced 
eosinophilia 

This paper GEO: GSE249011 

Single cell transcriptomes of Siglec-F+ bone 
marrow cells from IL-5 transgenic mice 

Gurtner et al., 2023 8 GEO: GSE182001 

   
Experimental models: Organisms/strains 
C57BL/6J The Jackson 

Laboratory 
RRID:IMSR_JAX:000664 

C57BL/6-Il5tm1Kopf/J The Jackson 
Laboratory 

RRID:IMSR_JAX:003175 

Irf8-/- VIB-UGent Center 
for Inflammation 
Research 63 

N/A 

IL-5R reporter mice This paper N/A 
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J The Jackson 

Laboratory 
RRID:IMSR_JAX:007914 

Rat-adapted Nippostrongylus brasiliensis Rolot et al., 2018 44 N/A 
   
Software and algorithms 
AUCell Aibar et al., 2017 64 https://www.bioconductor.org/packages/rel

ease/bioc/html/AUCell.html 
Cell Ranger 10X Genomics https://www.10xgenomics.com/support/soft

ware/cell-ranger/latest 
FlowJo™ software  BD Biosciences https://www.bdbiosciences.com/en-

be/products/software/flowjo-v10-software 
Leiden algorithm Traag et al., 2019 66 https://github.com/vtraag/leidenalg 
R The R foundation https://www.r-project.org/ 
SCENIC Aibar et al., 2017 64 https://github.com/aertslab/SCENIC?tab=re

adme-ov-file 
Seurat V4  Satija Lab https://satijalab.org/seurat/ 



Slingshot  Street et al., 2018 67 https://bioconductor.org/packages/release/bi
oc/html/slingshot.html 

UMAP Becht et al., 2018 31 https://umap-learn.readthedocs.io/en/latest/ 
DESeq2 Love et al., 2014 68 https://github.com/thelovelab/DESeq2 
ShinyGO (v0.77) Ge et al., 2020 69 http://bioinformatics.sdstate.edu/go/ 
   
Other 
Alternaria alternata extract Citeq Biologics Cat# 09.01.26 
BD FACSDiva™ CS&T Research Beads BD Biosciences Cat# 655051 
   

  



Excel Supplemental Tables title and legends 

 

Table S1. Top 100 marker genes and attributed cell lineage of cell clusters identified through 

Seurat and Leiden clustering in a scRNAseq analysis on lineage-negative c-Kit+ IL7Ra- 

progenitors from murine bone marrow in Figure 1B 

 

Table S2. Top100 marker genes discriminating each eosinophil subset identified in the bone 

marrow of mice using BD Rhapsody by Gurtner et al. 8 (upper) or 10X Chromium (lower) in 

Figure S2A-B, related to Figure 1 

 

Table S4. Background-corrected median fluorescence intensity of staining of eosinophil 

lineage cells by the indicated PE-conjugated antibodies in a flow cytometric screening for 

eosinophil markers on murine bone marrow cells (related to Figure 2A) 

 

Table S5. Genes differentially expressed along steady-state murine eosinophilopoiesis 

attributed to co-expression modules in order of presentation in Figure 2G 

 

Table S6. Background-corrected median fluorescence intensity of staining of eosinophil 

lineage cells by the indicated PE-conjugated antibodies in a flow cytometric screening for 

eosinophil markers on human bone marrow cells (related to Figure 4A-B) 

 

Table S7. Genes differentially expressed along steady-state human eosinophilopoiesis 

attributed to co-expression modules in order of presentation in Figure 4G 

 

Table S8. Genes differentially expressed along eosinophilopoiesis in IL-33-treated mice versus 

control counterparts attributed to co-expression modules in order of presentation in Figure 6C 
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Figure S1. Single-cell RNA sequencing helps resolve murine eosinophil ontogeny, related to 
Figure 1. A. Violin plots of number of RNA species, number of RNA molecules, and percentage of 
mitochondrial genes in cell clusters of murine BM progenitors in Figure 1B. B. SCENIC analysis of cell 
clusters in Figure 1D presented as row-scaled heatmaps (left) or absolute activity of select regulons 
(right). C. Overlayed expression of eosinophil marker and cell surface marker genes on UMAP in Figure 
1D. (Baso: basophil, EBM: eosinophil/basophil/mast cell progenitors, Eo: eosinophil, HSC/MPP: 
hematopoietic stem cell/multipotent progenitors) 
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Figure S2. Single-cell RNA sequencing analysis of murine bone marrow using different platforms captures
eosinophil lineage cells, related to Figure 1. A. UMAP with eosinophil lineage clusters highlighted in a reanalysis
of SiglecF+ BM cells from IL-5 transgenic mice in 8 using a resolution of 0.5 in Seurat, with violin plots of the indicated
eosinophil marker and cell cycle-associated genes. B. UMAP with lineage annotation of a droplet-based scRNAseq
analysis of SiglecF+ BM cells from mice injected for 7 days with IL-33, with violin plots of expression probability
distribution of the indicated eosinophil marker and cell cycle-associated genes. C. UMAP and lineage annotation of
GATA1 lineage progenitors of steady-state murine BM in fixed droplet-based scRNAseq with oligo-antibody tags.
D. Plot of c-Kit versus CCR3 oligo-tag antibody signal (upper left) and violin plots of RNA weight (upper right) and
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Figure S3. High dimension flow cytometric screening resolves murine eosinophilopoiesis, 
related to Figures 1 and 2. A. Backbone panel for flow cytometric screening of the murine eosinophil 
lineage. B. Gating strategy of murine bone marrow cells of interest and post-processing strategy for 
the inclusion of detected markers in the InfinityFlow computation. C. Overlayed staining intensity of 
lineage markers on the UMAP in Figure 1H. D. Gating strategy upstream of Figure 2D. (c-FI: 
background-corrected fluorescence intensity, Eos: eosinophil, FI: fluorescence intensity, HSC: 
hematopoietic stem cell).  
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Figure S4. High dimension flow cytometric screening resolves human eosinophilopoiesis, related to Figure 3.
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Figure S5. Cell cycling activity of eosinophil progenitors increases in eosinophilic conditions, 
related to Figures 5 and 6. A. Gating strategy of the 4 maturation stages of eosinophils in the BM of 
mice treated with recombinant IL-33 i.p. for 7 days. Compare with Figure 2D. B. Comparison of 
normalized gene expression of selected transcription factors in Figure 6F (n=3/group). C-D. 
Representative flow cytometric histograms of the incorporation of EdU after a 1h pulse in stage I-IV 
progenitors of control mice, mice treated with recombinant IL-33 for 7 days (C), or Irf8-/- mice treated or 
not with IL-33 for 7 days (D). E-F. Comparison of the abundance of stage I-IV eosinophils in the bone 
marrow of Irf8-/- mice (E) or wild-type (WT) mice (E, data from Figure 5B) treated or not with IL-33 for 7 
days (n=5-6/group, pooled from 2 independent experiments). G. Comparison of 5-ethynyl-2’-
deoxyuridine (EdU) incorporation after a 1h pulse in mice in (F). H. Comparison of the abundance of 
CD55- and CD55+ HSPCs (Dump- Sca1+ c-Kit+), erythroid/megakaryocytic progenitors (Dump- Sca1- c-
Kit+ CD150+) and eosinophil/basophil progenitors in mice in (G) (box-and-whisker diagrams with 
minimum and maximum values as boundaries, one-way ANOVA followed by TukeyHSD post-hoc tests 
for each cell subset). I. Gating strategy of cell populations in (H). (B, E-G: box-and-whisker diagrams 
with minimum and maximum values as boundaries, 2-way ANOVA followed by TukeyHSD post-hoc 
tests)  
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Figure S6. IL-5Ra reporter mice identify bona fide Il5ra-expressing cells, related to Figure 7. A. 
Representative gating strategy in flow cytometry of eGFP+ eosinophils and of a subset of B cells in the 
BM of IL5RAporterKI/+ mice. Overlay with a littermate wild-type sample is provided for comparison. B. 
Representative flow cytometric histograms of staining with anti-CD125 antibody clones DIH37, REA343 
and T21 of neutrophils and eosinophils of wild-type (left) and Il5ra-deficient IL5RAporterKI/KI mice (right). 
C. Representative gating strategy in flow cytometry of cells staining brightly with anti-CD125 antibody 
clones T21 and REA343, comparison with eGFP reporter fluorescence intensity of eosinophils in 
IL5RAporterKI/KI mice, and light microscopic pictures of Ly6G- and Ly6G+ cells brightly staining with T21 
or RE343 showing their neutrophilic identity (scale bar: 10μm). D. Gating strategy of eosinophil/basophil 
progenitors upstream of Figure 7D, as in Figure 1K. (Eos: eosinophil, KI: knock-in, KO: knockout).  

 



Supplemental Table 3 
 
 
Table S3. Markers of murine cell populations of interest in Figure 1H (upper) and of human cell 
populations of interest in Figure 3B (lower) 
 

Cell lineage Markers 
Murine  
HSC/MPP CD117, CD135, CD34, Sca-1 
Megakaryocyte CD55, CD117, CD150, CD105, CD147 
Erythroid CD55, CD117, CD105, CD150 
Basophil/mast cell CD55, CD200R3, FcεR1α 
Mast cell CD55, Integrin β7, CD117, FcεR1α 

Eosinophil CD55, CD11b, CCR3, F4/80, PIR-A/B, 
Siglec-F 

Monocyte CD11b, CD115, CX3CR1, Ly-6C 
Neutrophil CD11b, Ly-6G/Ly-6C, CD88, CD106 
B cell CD138, CD19, CD20, CD2, CD5 
  
Human  
HSC/MPP CD34, CD38 
Erythroid CD36, CD105 
Basophil CD200R, CD193, CD123 
Mast cell CD203C, CD117, FcεR1α 
Eosinophil CD11b, CD193, Siglec-8, CD125 
Monocyte CD11b, CD192, CD172ab 
Neutrophil CD15, CD11b 

 


