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SUMMARY
Elevated circulating levels of calprotectin (CAL), the S100A8/A9 heterodimer, are biomarkers of severe
systemic inflammation. Here, we investigate the effects of CAL on early human hematopoiesis. CAL demon-
strates limited impact on gene expression in stem and progenitor cells, in contrast with interleukin-6 (IL6),
which promotes the expression of the S100A8 and S100A9 genes in hematopoietic progenitors and the gen-
eration of monocytes that release CAL. The main target of CAL is an erythroid-megakaryocyte progenitor
(EMP) subset. CAL prevents both erythropoietin-driven differentiation of healthy progenitors and JAK2-
V617F-driven erythropoiesis. In the context of JAK2-V617F, CAL also promotes the expression of S100A8
and S100A9 genes in monocytes. The signature of CAL effects is detected in the bone marrow progenitors
of patients with myeloid malignancy or severe infection. These results position CAL as a mediator of IL6
effects on triggering anemia during inflammation, an effect that is amplified in the context of JAK2-V617F-
driven hematopoiesis.
INTRODUCTION

Inflammation is an adaptive response to the homeostatic distur-

bance that involves solublemediators and effector leukocytes. In

response to damage and stress, cells release a variety of cellular

constituents that trigger the production of inflammatory media-

tors with multiple effects on target tissue and beyond.1 These

inflammatory mediators include danger-associated molecular

patterns (DAMPs), which act as extracellular danger signals.

The alarmins S100A8 and S100A9, are the most abundant

DAMPs in a variety of clinical disorders.2 In the intracellular

milieu, these calcium-binding proteins exist mostly as the heter-

odimeric complex S100A8/S100A9 termed calprotectin (CAL).3

Animal models and clinical studies have shown the pivotal role

of CAL in a wide range of sterile and infection-induced acute

and chronic inflammatory diseases.4 CAL is primarily released

by activated phagocytes such as neutrophils and monocytes,5

and interacts with and activates Toll-like receptor 4 (TLR4/MD-

2)-expressing cells to promote inflammatory processes.6
iScience 28, 111522, Janu
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Inflammation, regardless of its origin and location, stresses

hematopoietic tissue in an attempt to maintain homeostasis.

This stress involves soluble inflammatorymediators that act indi-

rectly or directly on hematopoietic stem and progenitor cells

(HSPCs) to promote the regeneration of the immune system.7

In myocardial infarction, S100A8 and S100A9 released by acti-

vated and damaged phagocytes prime the NRP3 inflammasome

in naive neutrophils that secrete interleukin-1 beta (IL1b), in turn

promoting bone marrow granulopoiesis.8 HSPCs also express

TLRs and associated molecules and sense lipopolysaccha-

rides.9 Therefore, these cells may also respond to CAL. Elevated

circulating levels of CAL, identified as a strong predictive

biomarker of severe SARS-CoV-2 infection,10 were correlated

with dysregulated hematopoiesis.11–13 However, the direct ef-

fects of CAL on early human hematopoiesis remain poorly

explored.

The present study investigated the effects of CAL on early

human hematopoiesis ex vivo. In the context of systemic

inflammation, CAL is released together with multiple cytokines,
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. IL6 promotes S100A8 and S100A9 gene expression in hematopoietic progenitors

Healthy donor CD34+ bone marrow cells were left untreated or treated for 24 h with calprotectin (CAL, 10 mg/mL), interleukin-6 (IL6, 100 ng/mL), or their

combination (IL6_CAL) in the absence of growth factors before bulk RNA sequencing. N = 3. (A) MA plot of the decreased log fold change of the differentially

expressed genes (DEGs) between treated and untreated samples. Down/Up indicates the number of significant DEGs.

(B) Venn diagram of upregulated and downregulated genes in IL6 (blue)- versus IL6_CAL (red)-treated cells compared to untreated cells.

(C) Pathway analysis of hallmark genes using gene set enrichment analysis (GSEA) under the indicated conditions (the top 10 pathways with the highest absolute

NES are depicted out of the indicated number of significantly modified pathways in each condition). See also Figure S1.
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including the prototypical acute phase response protein

interleukin-6 (IL6).14 We compared the effects of CAL on early

human hematopoiesis to those of IL6, as IL6 increases myeloid

cell output, both in mice14 and in humans,15 and to those of

CAL + IL6 combination as both cytokines are usually released

simultaneously.11

Given the propensity of patients with myeloid malignancies

such asmyelofibrosis (MF) to develop severe inflammatory reac-

tions,16,17 we also compared the response of HSPCs collected

from healthy donors (HDs) and patients with MF to CAL. Our re-

sults point to CAL as an inhibitor of erythropoiesis, which is

amplified by IL6 and, in the context of MF, by a feedforward

loop involving monocytes.

RESULTS

Interleukin-6 promotes S100A8 and S100A9 gene
expression in hematopoietic progenitors
We performed ex vivo culture of CD34+ HSPCs collected from

adult HD bone marrow in the absence or presence of IL6,

CAL or their combination (IL6_CAL) at concentrations (IL6,

100 ng/mL; CAL, 10 mg/mL) detected in the peripheral blood

plasma of patients with severe infection.10,11,15 Frozen CD34+

HSPCs were thawed and allowed to recover in the presence of

Stem Cell Factor (SCF), FLT3-ligand (FLT3-L) and thrombopoietin

(TPO) for 48 h. These cells were further cultured for 24 h before
2 iScience 28, 111522, January 17, 2025
bulk RNA sequencing was performed. Treatment with IL6 alone

or in combination with CAL promoted an increase in the expres-

sion of the S100A8 and S100A9 genes (Figures 1A and 1B).

According to gene set enrichment analysis (GSEA) of hallmark

pathways, IL6 and IL6_CAL mostly promoted the cell cycle and

metabolic and inflammatory pathways (Figure 1C). CAL alone

had limited effects on gene expression in HSPCs (Figure 1A);

nevertheless, it activated the oxidative phosphorylation pathway.

These initial results were validated in CD34+ cells cultured for

48 h before performing bulk RNA sequencing (Figures S1A–

S1C). Having defined common sets of genes robustly deregulated

by IL6 or IL6_CAL at both 24 h and 48 h (Figure S1D), hallmark

pathway overrepresentation analysis (ORA) revealed the activa-

tion of inflammatory signaling pathways (Figure S1E).

Deconvolution performed by gene set variation analysis

(GSVA) (Table S1) revealed an IL6-induced increase in the

monocyte signature, while the erythro–megakaryocyte signature

decreased (Figure S1F). Together, IL6 increased S100A8 and

S100A9 gene expression in HSPCs and could promote mono-

cyte differentiation at the expense of erythroid differentiation.

Interleukin-6 promotes calprotectin secretion by
immature monocytes
To further explore the effects of CAL and IL6 on early hematopoi-

esis, we incubated CD34+ cells from four HDs for 7 days in the

presence of SCF, FLT3-L and TPO without and with CAL, IL6
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and IL6_CAL before collecting cells and culture supernatant.

We performed the same experiment with CD34+ cells collected

from three patients with JAK2-V617F-mediated MF to determine

if mutated CD34+ cells would react differently to CAL (Figure S2A).

A total of 135,545 cells from 4HDs and 111,725 cells from 3 pa-

tients with MF were analyzed by single-cell RNA sequencing

(scRNA-seq) using the 10X Chromium droplet-based platform.

We pooled the data from 28 samples (7 donors, 4 conditions

per donor) and subjected them to dimensionality reduction using

the UniformManifold Approximation and Projection (UMAP) algo-

rithm for dimension reduction. Based on gene expression and cell

type signature scores (Table S1), we identified 9 clusters, sepa-

rating populations of HSPCs, megakaryocyte-erythroid progeni-

tors (MEPs), granulomonocyte progenitors (GMPs), monocytes

and dendritic cells (Mo/DCs), megakaryocytes (MKs), erythroid

cells (ERYs), eosinophils and basophils (Eo/B), B cells and mast

cells (Figures 2A and S2B; Table S2).

Within 7 days, IL6 increased the number of cells generated by

HD CD34+ cells, while the number of cells generated by MF

CD34+ cells remained unchanged (Figure S2C). IL6 ±CAL signif-

icantly increased the fraction of HSPCs and GMPs generated by

HD CD34+ cells at the expense of MEP fraction (Figure S2D).

Nevertheless, the absolute number of MEPs remained stable

(Figure S2E).

By coloring the cells on UMAPs according to the number of

differentially expressed genes (DEGs) between the control and

IL6 treatment conditions, we observed that, in both the HD and

MF samples, themain impact of IL6was on theMo/DCpopulation

(Figure 2B, circles; Table S3). The number of DEGs generated

upon IL6 exposure in this population was roughly the same in

the HD (n = 209) and MF (n = 194) samples (Figures 2C and 2D).

According to the ORA of hallmark pathways, IL6 increased

the expression of genes involved in inflammatory pathways

(Figure 2E).

The upregulated expression of the S100A8 and S100A9

genes observed in Mo/DCs generated in the presence of IL6

(Figures 2C and 2F) correlated with the increased expression

of the CEBPD gene (Figure 2G), which encodes a well-identified

player in alarmin gene expression.18 Higher clustering resolution

focused onMo/DCs (Figure S2F) suggested that, in both HD and

MF samples, themain impact of IL6was on immaturemonocytes

(Figures S2G and S2H).
Figure 2. IL-6 promotes calprotectin production by immature monocy

(A) UMAP profile of cells generated byCD34+ cells collected fromHDs (n = 4) and p

CAL, IL6, or their combination.

(B) UMAP visualization of the number of DEGs in HD and MF samples after 7 da

(C) Volcano plots of DEGs in cluster 3 (Mono/DC) generated from HD and MF sa

(D) Venn diagrams comparing DEGs in cluster 3 (Mono/DC) generated from HD

(E) Pathway analysis based on DEGs identified in cluster 3 (Mo/DC) in HD and M

(F) Violin plot of S100A8, S100A9, and S100A12 gene expression in the 9 clusters

Unpaired Wilcoxon rank-sum test; **** padj <0.0001 (see Table S3).

(G) Violin plots of CEBPD gene expression in HD and MF samples, untreated (CT

Table S3).

(H) CAL levels are measured in individual samples cultured without and with IL6

(I) Cytokine levels in the culture supernatant of HD CD34+ cells collected on day 7

(J andK) Bulk ATAC sequencing of healthy donor CD34+ cell-derived cells collecte

identified in monocytes is shown as a blue rectangle. (K) Peak height measured

samples treated without and with IL6 (mean ± SD; paired T-test; *p < 0.05). See

4 iScience 28, 111522, January 17, 2025
Wemeasured the expression of 41 cytokines in the culture su-

pernatant collected on day 7 in a total of 11 HD cell cultures. IL6

significantly increased the secretion of CAL (Figure 2H) together

with several pro-inflammatory cytokines that include chemo-at-

tractants for immune cells (IL16, CCL27, and CXCL16 for T cells

and CXCL13 for B cells) and MIF (Macrophage migration inhibi-

tory factor) that modulates innate immunity and macrophage

functions (Figure 2I).

ATAC-seq (assay for transposase-accessible chromatin with

sequencing) of the bulk of cells generated from HD CD34+ cells

cultured for 7 days indicated that IL6 triggered chromatin open-

ing at the level of a monocyte-specific enhancer that is common

to the S100A8 and S100A9 genes (Figures 2J and 2K).

Then, we used cord blood CD34+ cells exposed to SCF and

M-CSF for 7 days in the absence or presence of IL6 before moni-

toring cell phenotype and S100A8/A9 gene expression. We

observed an increased production of monocytes with an accel-

erated acquisition of CD64 andCD300E cell surfacemarkers and

validated the increased expression of S100A8 and S100A9

genes in these cells (Figure S3). Together, IL6 promotes the gen-

eration of Mos/DCs that overexpress the S100A8 and S100A9

genes.

The effects of calprotectin on monocytes are restricted
to myelofibrosis samples
In contrast to IL6 (Figure S2C), CAL alone did not significantly

modify the total number of cells generated on day 7 by HD

CD34+ cells, while it decreased that generated by MF CD34+

cells (Figure S4A). UMAP visualization of DEGs on day 7 indi-

cated that the effects of CAL on Mo/DCs were specific to those

generated by MF CD34+ cells (Figure 3A, circles). The expres-

sion of 329 genes was rewired by CAL in Mo/DCs generated

by MF cells, compared to only 15 DEGs in Mo/DCs generated

by HD cells (Figure 3B). When IL6 was combined with CAL, the

growth of HD CD34+ cells increased, while the growth of MF

CD34+ cells still decreased (Figure S4A).

In HD cell culture, the number of genes whose expression was

modified by IL6_CAL in the Mo/DC population (n = 255,

Figures 3A and 3B) was close to that observed with IL6 alone

(n = 209, Figures 2C and 3C). In MF culture, the number of genes

whose expression was modified by IL6_CAL in the Mo/DC pop-

ulation (n = 580, Figures 3A and 3B) was much greater than that
tes

atients withMF (n = 3) and cultured for 7 days in a liquidmediumwithout or with

ys of treatment with IL6.

mples treated with IL6.

(in white) and MF (in gray) CD34+ cells treated with IL6.

F samples.

generated by HD and MF CD34+ cells without (in black) and with (in blue) IL6.

RL) and IL6 treated. Unpaired Wilcoxon rank-sum test; **** padj <0.0001 (see

for 7 days. Wilcoxon paired test.

(red: up with padj <0.05, hatched lines indicate a log2FoldChange of�1 and 1).

d on day 7 of liquid culturewithout or with IL6 (n = 3). (J) The enhancer sequence

for S100A8 and S100A9, which are common monocyte-specific enhancers, in

also Figures S2 and S3.
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Figure 3. The effects of calprotectin on monocytes are restricted to MF-derived samples

(A) UMAP visualization of DEGs in the healthy donor (HD) and primary myelofibrosis (MF) samples after 7 days of treatment with CAL or IL6_CAL; circles indicate

the Mo/DC cluster.

(B) Volcano plots of DEGs in Mos/DCs generated from HD andMF patient CD34+ cells upon treatment with CAL or IL6_CAL; the total number of significant DEGs

indicated between comas.

(C) Venn diagram of DEG numbers and overlaps in the Mo/DC cluster generated by HD and MF cells treated with CAL (yellow), IL6 (blue), and IL6_CAL (red).

(D. Violin plot of S100A8 and S100A9 gene expression in the 9 cell populations generated by HD and MF CD34+ cells without (black) and with CAL (orange) or

IL6_CAL (red); Unpaired Wilcoxon rank-sum test; **** padj<10�3.

(E) Pathway analysis in HD and MF cell-derived Mo/DC population, based on DEGs (upregulated in red, downregulated in blue) depicted in panel B. See also

Figure S4.
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observed with IL6 alone (n = 194, Figure 2C), with IL6_CAL

specifically affecting the expression of 344 genes (Figure 3C).

Together, CAL reorganizes gene expression in Mo/DCs derived

from MF CD34+ cells but has no or limited effects on Mo/DCs

derived from HD CD34+ cells.

The S100A8 and S100A9 genes were among the genes whose

expressionwas promoted byCAL inMo/DCs generated fromMF

CD34+ cells (Figures 3B and 3D). Higher resolution confirmed the

response of MF cell-derived immature monocytes to CAL ± IL6

(Figures S4B and S4C). Oxidative phosphorylation was the

main pathway activated by CAL alone in MF cell-derived

Mo/DCs, while the IL6_CAL combination activated also several

inflammatory pathways in these cells (Figure 3E). Together,

CAL promotes the generation, by MF CD34+ cells, of Mo/DCs

exhibiting a proinflammatory transcriptome, including overex-

pression of S100A8 and S100A9 genes, an effect amplified by

the combination of CAL with IL6.

This observation suggested that a feedforward loop may

amplify the effects of CAL on MF pathology. The high level of

CAL already present in the medium precluded the detection of

a significant increase in CAL in the supernatant of cells cultured

with IL6_CAL, as detected with IL6 alone (Figure 2I). We

observed an increase in the production of IL16, CXCL13, and

CXCL16, as with IL6 alone (Figure 2I), and further detected an in-

crease in the production of CCL3 and CXCL8 (Figure S4D).

Calprotectin inhibits erythroid cell differentiation at the
progenitor level
In contrast with HDCD34+ cells, JAK2-V617FCD34+ cells gener-

ated erythroid cells (Figure 2A) after 7 days in liquid culture. This

erythropoietin (EPO)-independent erythropoiesis was inhibited

by CAL, an effect also observed when IL6 was associated with

CAL but not with IL6 alone (Figures 4A and S5A). CAL increased

the expression of 259 genes in HD cell-derived MEPs, and
Figure 4. Calprotectin inhibits red cell differentiation at the MEP level

(A) UMAP of cells generated by ex vivo culture of MF CD34+ cells in the absence

(B) Volcano plot of DEGs analyzed in cluster 1 (MEP) generated from HD and MF C

numbers of DEGs are indicated.

(C) Expression of selected genes significantly modified by CAL alone or combined

rank-sum test, **** padj<0.0001).

(D) Effect of CAL on the number of BFU-E generated by cells collected on day 4 of

two-way ANOVA, **p < 0.01; ***p < 0.001; ***p < 0.0001).

(E) Inhibitory effect of CAL on the number of cells generated by CD34+ cord bloo

*p < 0.05).

(F) Visualization of three MEP subtypes, from MEP1 to MEP3, identified at highe

(G) Fraction of MEP1, MEP2, and MEP3 among total MEPs in HD and MF samples

treated with IL6 alone (CTRL ± IL6); paired Wilcoxon test.

(H) Impact of indicated cytokines on the expression of genes encoding the small

panel, CAL vs. CTRL; lower panel, IL6_CAL vs. IL6. Each point is the mean expre

color points indicate genes whose expression was significantly modified (RPS,

significantly change according to the differential expression analysis.

(I) Ribosome scores of the healthy donor (HD) and myelofibrosis (MF) samples fr

Seurat’s AddModuleScore function for RPL and RPS genes shown on 4H. On th

colored according to their cluster identity.

(J) Validation of the impact of CAL on RP through proteomic analysis of erythroid c

mean expression level on day 12 was subtracted from the mean expression on d

(K) Comparison of overrepresented pathways identified downregulated DEGs inM

with CAL.

(L) Cell cycle impact of cytokine treatment on the cell cycle repartition of MEP2

(M) Seurat S score in MEP2 from HD and MF CD34+ cells under the indicated tre
this effect was amplified in JAK2-V617F cell derived MEPs

(Figure 4B).

Using Human Phenotype Ontology (HPO) gene sets and

focusing on hematopoiesis-related terms, DEGs related to ane-

mia were the main clinical manifestation of the effects of CAL on

MEPs (Figure S5B). The expression of most genes modulated by

CAL ± IL6 in MEPs generated by HD CD34+ cells wasmodulated

also in MEPs generated by MF CD34+ cells (Figures 4C, S5C

and S5D; Table S3). ORA of the hallmark pathway indicated

the downregulation of the cell cycle and mTORC1 signaling

pathways in MEPs generated in the presence of CAL, while the

inflammatory response and p53 pathways were activated in

these cells.

To confirm the effects of CAL on erythroid differentiation, we

performed a liquid culture of healthy adult and cord blood

CD34+ cells in the presence of EPO.19 CAL reproducibly

prevented the proliferation of cells undergoing terminal erythroid

differentiation (Figure 4D). This inhibitory effect of CAL on

erythroid progenitor expansion was confirmed by testing the

ability of erythroid-biased cells expanded in the presence of

SCF and EPO and collected on day 5 of liquid culture to generate

colonies in semisolid medium (Figures 4E, S5E, and S5F).

Analysis of theMEP compartment at a higher resolution distin-

guished three MEP subsets (Figure 4F). Within these subsets,

CAL ± IL6 provoked a significant increase in the fraction of

MEP2 (Figure 4G).

The dysregulated gene sets associated with anemia in the

MEP2 subset included an overrepresentation of ribosomal pro-

tein-encoding genes (Table S4). We previously demonstrated

how crucial the timing of ribosome biogenesis downregulation

was for terminal erythroid differentiation.19,20 Upon exposure to

CAL ± IL6, the genes encoding short and long ribosomal proteins

(RPS and RPL, respectively) remained highly expressed inMEP2

cells compared to untreated or IL6-treated samples, without an
(CTRL) or presence of CAL, IL-6, and IL6_CAL.

D34+ cells upon the indicated treatment compared to untreated samples. The

with IL6 in the MEP cluster generated from HD or MF cells (Unpaired Wilcoxon

culture in the presence of EPO and the indicated cytokines (n = 6, mean ± SEM,

d cells in the presence of EPO (n = 6, median [min-max], paired Wilcoxon test,

r resolution.

treated with CAL ± IL6 compared to samples that remained untreated or were

(RPS) and the large (RPL) subunits of ribosomal proteins (RP) in MEP2. Upper

ssion of a ribosomal protein-encoding gene in a given treatment condition. The

red; RPL, blue). The gray points indicate RP genes whose expression did not

om untreated (CTRL) and calprotectin-treated (CAL) cells, as measured using

e x axis, the cells are sorted by their ribosome score (shown on the y axis) and

ells generated in the presence of EPO ±CAL. For each detected RP (n = 81), the

ay 15; unpaired Wilcoxon rank-sum test.

EP1,MEP2, andMEP3 cells generated fromHD orMF samples upon treatment

cells from healthy donors and myelofibrosis.

atment; unpaired Wilcoxon rank-sum test. See also Figure S5.
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imbalance between RPS- and RPL-encoding genes (Figure 4H).

We scored the expression of 88RPS andRPL genes in the HSPC

and MEP clusters. These riboscores indicated that CAL delayed

the decrease in RP gene expression that typically precedes ter-

minal stages of erythroid differentiation (Figures 4I and S4G).

To validate this observation, we performed a proteomic anal-

ysis of erythroid precursors generated in liquid culture in the

presence of EPO, without and with CAL. CAL prevented the

decrease of the majority of RPs detected between day 12 and

day 15 of the culture (Figure 4J).

CAL-induced perturbation of RP gene downregulation in

MEPs could induce ribosomal stress and alter cell cycle progres-

sion. Accordingly, ORA of genes downregulated in MEP subsets

generated by HD CD34+ cells upon CAL exposure revealed

changes in cell cycle regulatory pathways that predominated in

MEP2 and were amplified in those generated by JAK2-V617F

CD34+ cells (Figures 4K, 4L, and S5H). CAL ± IL6 increased

the proportion of MEP2 cells in the G1 phase (Figure 4L), which

was validated by a decreased S score (Figure 4M).

Together, CAL inhibits erythroid cell differentiation by inducing

the accumulation of an MEP subset in the G1 phase of the cell

cycle. Analysis of multiple stress signatures in MEP2 cells re-

vealed a diapause-like signature21 as the most significantly

modulated by CAL ± IL6 (Figure S5I).

Calprotectin rewires gene expression in
megakaryocytes
UMAP visualization of DEGs on day 7 indicated that both CAL

(Figure 3A) and IL6 (Figure 2B) could alsomodulate gene expres-

sion in MKs on day 7 of liquid culture. MKs are major players in

both severe inflammation22 and MF pathophysiology.23 CAL ±

IL6 decreased the fraction of MKs generated by HD and MF

CD34+ cells (Figure 5A). The number of genes whose expression

was modulated in MKs was greater in the presence of CAL

(Figures 5B and 5C), and a strong overlap was observed be-

tween genes modulated by CAL and IL6_CAL (Figures 5C and

S6A). As in the MEPs, CAL activated the inflammatory and p53

pathways while decreasing the cell cycle andmTORC1 signaling

pathways in MKs (Figures 5D and S6B).

Recent evidence indicates that while the majority of MKs arise

via a shared trajectory with the erythroid lineage, some HSCs

could be primed to become MKs in both HDs24 and patients

with MF.25 Analysis of time-resolved differentiation trajectories

using slingshot revealed a small subset of MKs with a low pseu-

dotime, suggesting that these cells could have emerged directly

from the HSPC population (Figure 5E). Quantification revealed a

significant increase in this MK fraction in the presence of IL6,

which was amplified by CAL (Figure 5F). Overall, CAL decreases

the fraction of MKs generated through MEPs but promotes the

differentiation of MK-biased HSCs in combination with IL6.

Identification of the calprotectin signature under
pathological conditions
To determine the relevance of these results in human diseases,

we generated three signatures. The first, established by using

the Seurat FindAllMarkers function, included 110 genes that

identify MEP2-like cells (Table S5). The two other signatures

included genes that were similarly modulated in HD and MF
8 iScience 28, 111522, January 17, 2025
CD34+ cell-derived MEP2 cells and included 108 upregulated

genes (CAL-up signature) and 150 downregulated genes (CAL-

down signature) (Figure 6A and Table S6).

We collected scRNA-seq data generated from bone marrow

cells of patients with mild (n = 3) or severe (n = 4) COVID-1926

and used the first signature to identify MEP2-like cells (Fig-

ure S7A). We then examined the CAL-up and CAL-down

signatures in these cells. The CAL-up gene score was signifi-

cantly greater in the MEP2-like cells of patients with severe

COVID-19 than in those with mild COVID-19, while the CAL-

down signature score was significantly lower (Figures 6B

and S6A).

We then looked for these signatures in the scRNA-seq data

collected from patients with myeloid malignancies. As mono-

cytes are one of the main cell populations producing CAL in vivo,

we reasoned that the CAL signatures in patient bone marrow-

derived MEP2-like cells could depend on monocyte count. We

tested this hypothesis via the scRNA-seq of bone marrow

CD34+ cells collected from patients with MF (25). Having identi-

fied MEP2-like cells (Figure S7B), we separated patients without

(N = 10) and with (N = 5) peripheral blood monocytosis (cutoff,

1G/L) and observed an association between this parameter

and the CAL-up (p = 3.3e�11) and CAL-down (p = 7.2e�5) signa-

tures in MEP-2-like cells (Figure 6C).

The same analysis was performed on scRNA-seq data gener-

ated from bone marrow CD34+ cells of patients with chronic

myelomonocytic leukemia (CMML).27 As these patients exhibit

monocytosis by definition, we separated those with very high

monocyte counts (R6 G/L, N = 8) from those with monocyte

counts between 1 and 6G/L (N = 23), again finding that

the CAL-up and CAL-down signatures in MEP2-like cells

(Figure S7C) were associated with higher monocyte counts (Fig-

ure 6D). The same observation was made also when testing

white blood cell count with a cutoff of 13 G/L, which separates

dysplastic and proliferative patients with CMML according to

the WHO classification (Figure S7D).28 Since hemoglobin levels

were available in this dataset, we could observe that CAL-up

and CAL-down signatures were significantly different in 14

patients with CMML whose hemoglobin levels were %100 g/L

compared to 25 patients with hemoglobin >100 g/L (Figure 6E).

Finally, we searched for CAL-up and CAL-down signatures in

bulk RNA-seq data of acute myeloid leukemia (AML) samples.29

As we did not obtain the absolute number of circulating mono-

cytes, we separated patients with low (<10%; n = 171) and

high (R10%; n = 100) monocyte fractions among WBCs,

revealing an association between CAL signatures and higher

monocyte fractions (Figure 6E).

Together, CAL signatures identified in MEP2 cells generated

ex vivo can be detected in the bone marrow cells of patients

with severe infection or a myeloid malignancy, correlating with

the amount of generated monocytes.

DISCUSSION

CAL is increasingly being recognized as an important mediator

of systemic inflammation. We show here that the S100A8/

S100A9 heterodimer, whose production by monocytes is ampli-

fied by IL6, contributes to erythropoiesis suppression. In various
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Figure 5. CAL rewires gene expression in megakaryocytes

(A) Cytokine impact on the fraction ofMKs among cells generated byHDCD34+ cells in the presence of the indicated cytokines. The left panel shows the effects of

CAL; the right panel shows the effects of IL6; black, untreated CTRL; orange, CAL alone; blue, IL6 alone; red, IL6_CAL; statistical test: paired Wilcoxon test.

(B) Volcano plot representation of DEGs identified in MKs (low-resolution UMAP, cluster 4) under the indicated treatments of HD and MF CD34+ cells; the total

number of DEGs in every condition is indicated.

(C) Proportional Venn diagram of up- and downregulated genes (numbers) in HD (white) and MF (gray) samples.

(D) Pathway analysis of upregulated (red) and downregulated (blue) genes in HD and MF samples. The top significant pathways are plotted.

(E) Trajectory analysis using slingshot in HD and MF samples; UMAP colored according to the pseudotime of the MK differentiation lineage.

(F) MK fraction directly generated by HSPCs in HD and MF samples treated as indicated. Statistical test: paired Wilcoxon test. See also Figure S6.
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Figure 6. Calprotectin signatures in MEPs across hematopoietic diseases

(A) Proportional Venn diagram used to generate CAL_up (left) and CAL_down (right) signatures, based on DEGs in MEP2 generated from HD cells without and

with CAL.

(legend continued on next page)
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pathological situations, the signature of CAL effects can be de-

tected in erythroid progenitors and correlates with monocyte

amplification.

In the context of the JAK2-V617F mutation, CAL also pro-

motes the generation of proinflammatory monocytes that over-

express the S100A8 and S100A9 genes. This later observation

suggests a feedforward loop that may amplify the hematopoietic

reaction to inflammatory stress in patients with a myeloprolifera-

tive neoplasm.

IL6 acts synergistically with FLT3L and SCF to promote he-

matopoietic cell expansion.14,30 Our study demonstrated that,

in early human hematopoietic cells, IL6 is a trigger of S100A8

and S100A9 gene expression that increases within a few hours

in CD34+ cells and predominates after 7 days in maturing mono-

cytes. A similar promotion of CAL secretion by IL6 was depicted

in other cell types, e.g., in breast cancer cells.31

The increased chromatin accessibility of a monocyte-specific

enhancer that is common to the S100A8 and S100A9 genes ar-

gues for the role of epigenetic features in the modulation of their

expression.18 In contrast, CAL has no impact on IL6 production

by hematopoietic progenitors. CAL-induced activation of oxida-

tive phosphorylation and metabolic pathways indicates that

CD34+ HSPCs sense extracellular CAL.32,33 While chronic expo-

sure to CAL produced by mesenchymal stromal cells of the

bone marrow environment could drive genotoxic stress through

p53-S100A8/9-TLR inflammatory signaling in HSPCs,32 the initial

response of HSPCs to CAL is limited compared to that to acute

exposure to IL6.

The main effect of CAL was identified after 7 days in culture.

CAL restricts both the EPO-dependent erythroid maturation of

healthy CD34+ cells and the EPO-independent maturation of

JAK2-V617F CD34+ cells, generating a diapause-like signature

in MEPs.21,34 CAL was involved in erythropoiesis inhibition in a

mouse model of del(5q) myelodysplastic neoplasm in which

the inactivation of the Rps14 gene increases the expression of

the S100a8 gene in erythroid precursors, triggering a p53-medi-

ated erythroid differentiation defect through cell-intrinsic and

cell-extrinsic mechanisms that involve CAL.35

The delay in RP gene downregulation,19 which is under the

control of the mTORC1 signaling pathway,36 could account for

erythropoiesis perturbation induced by CAL, potentially contrib-

uting to the decrease in cell cycle speed37 that may contribute to

inhibiting erythroid differentiation.38

IL6 is an essential but indirect regulator of anemia caused by

inflammation, acting by increasing hepcidin production by hepa-

tocytes through the JAK2/STAT3 pathway.39 Our results identi-

fied another indirect contribution of IL6 to anemia-related inflam-

mation through the promotion of CAL secretion by maturing

monocytes, positioning CAL as an IL6 amplifier.40

In the context of JAK2-V617F, not only does CAL inhibit the

EPO-independent generation of erythroid cells but also this cyto-
(B–E) Score of CAL_up and CAL_down signatures in MEP2-like cells collected fro

mild (yellow) and severe (blue) COVID-19. (C) Primary myelofibrosis without (ye

myelomonocytic leukemia with very high (blue) and high peripheral blood monocy

with (blue) low hemoglobin level (cutoff, 100 g/L).

(F) Score of the CAL_up and CAL_down signatures in bulk RNA-seq of acute my

fraction of peripheral blood monocytes (cutoff 10% of the WBC count). All statis
kine promotes the generation of proinflammatory monocytes

that overexpress the S100A8 and S100A9 genes. Alarmins

are a driving force for the development of hematopoietic

malignancies. These mediators promote myelodysplastic

neoplasm-associated cytopenias through the expansion of

myeloid-derived suppressive cells41 and the activation of the

NLRP3 inflammasome in hematopoietic progenitors.42 In the

context of myeloproliferative neoplasms, the overexpression of

the S100A8 and S100A9 genes in hematopoietic progenitors

reflects disease evolution,43 while their expression in niche

cells demarcates the fibrotic progression of JAK2-V617F neo-

plasms.32,44 A gene signature of the effects of CALwas detected

in bone marrow erythroid progenitors of patients with a chronic

myeloid malignancy. CAL produced by stromal cells of the

bone marrow niche was shown to promote MF.44 We show

here that the CAL signature correlates also with monocyte count

whose elevation is a negative prognostic factor in this dis-

ease.45,46 The hyper-reactivity of monocytes generated from

MF CD34+ cells to CAL, probably driven by JAK2-V617F muta-

tion amplifying the signaling response to inflammatory cytokines,

might contribute to the increased severity of systemic inflamma-

tory diseases such as COVID-19 in patients with MF and

other hematological malignancies.15,16 The CAL signature also

correlates with monocyte count in chronic myelomonocytic

leukemia47 in which the potential contribution of CAL to the

worse outcome of disease proliferative subtype deserves to be

explored.

Together, this work identifies a new mechanism by which IL6

promotes anemia in the context of systemic inflammation,48

i.e., IL6 generates monocytes that overproduce CAL that, in

turn, inhibits erythropoiesis at the level of progenitors. This detri-

mental role of CAL is amplified in the context of pathological he-

matopoiesis. CAL could bindmultiple receptors on the surface of

the cells.49 In addition to TLR4, bioinformatic analysis of cell-cell

interactions in scRNAseq data using LIANA (LIgand-receptor

ANalysis framework) package50 suggested a possible interac-

tion with CD36. Interestingly, CD36-expressing MEP disappears

in CAL-treated samples. Identifying the receptor(s) and signaling

pathways involved in erythroid differentiation inhibition and

JAK2-V617Fmonocyte response to CALmay suggest therapeu-

tic strategies tomodulate CAL effects during systemic inflamma-

tion, as already tested in the context of myelofibrosis.44

Limitations of the study
In the tested ex vivo experimental settings, the amount of calpro-

tectin released by monocytes in the culture medium within

7 days is not sufficient to reach the concentrations measured

in the circulating plasma of patients with sepsis or a severe

myeloid malignancy, which are needed to inhibit erythroid differ-

entiation. The influence of sex and gender on the described path-

ways could not be explored as most available samples were
m scRNAseq performed in bone marrow cells collected from (B) Patients with

llow) and with (blue) peripheral blood monocytosis (cutoff 1 G/L). (D) Chronic

tosis (cutoff, 6 G/L). (E) Chronic myelomonocytic leukemia without (yellow) and

eloid leukemia cells from patients without (yellow) and with (blue) an elevated

tical analyses: Wilcoxon unpaired test. See also Figure S7.
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collected from males. Another limitation of the experimental

system is the lack of mature granulocytes that may contribute

in vivo to the synthesis and secretion of calprotectin in inflamma-

tory conditions. Animal models might be needed to validate the

contribution of calprotectin secreted by mature myeloid cells to

inflammatory anemia.
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Recombinant human M-CSF Peprotech 300-25
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FLT3 ligand Peprotech 300-19

Thrombopoietin Peprotech 300-18

UM729 Stemcell Technologies 72332

StemRegenin Stemcell Technologies 72342
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Deposited data

scRNAseq data: DAC Calprotectin in vitro

effects on human early hematopoiesis

EGA public data repository : EGAD50000000659 (DUO:0000004)

Azimuth’s Human Bone Marrow Azimuth consortium https://azimuth.hubmapconsortium.org/

Halmark GSEA https://www.gsea-msigdb.org/gsea/msigdb/

human/collections.jsp

HPO - Human Phenotype Ontology The Jackson Laboratory https://hpo.jax.org/

KEGG Genome Japan https://www.genome.jp/kegg/pathway.html

MSidDBr package v7.5.1 GSEA https://www.gsea-msigdb.org/gsea/msigdb

UniProt-Swiss-Prot Uniprot https://www.uniprot.org/

COVID dataset Cheong et al.26 GSE196990

MPN dataset Psaila et al.25 GSE144568

CMML dataset Ferrall-Fairbanks et al.27 GSE211033
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AML dataset Bottomly et al.29 https://cbioportal.org/
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‘‘DAC Calprotectin in vitro effects on human early

hematopoiesis"
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projects/PXD057999
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GO Gene Ontology https://geneontology.org/

Oligonucleotides
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PPIA Reverse Eurogentec 5’-TCTTTGGGACCTTGTCTGCAA-3’

Software and algorithms

Annotation Dbi package https://bioconductor.org/packages/release/bioc/

html/AnnotationDbi.html

Bowtie2 v2.0.14 https://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Clusterprofiler package v4.6 https://bioconductor.org/packages/release/bioc/

html/clusterProfiler.html

DESeq2 v1.38.3 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

Factoextra package v1.0.7 https://cran.r-project.org/web/packages/

factoextra/index.html

Fast integration using reciprocal PCA V4.3 https://satijalab.org/seurat/archive/v4.3/integration_

large_datasets

Findmakers in Seurat v.4 https://satijalab.org/seurat/reference/findmarkers

https://

GENCODE v24lift37 www.gencodegenes.org/

Harmony package v 0.1.0 https://cran.r-project.org/web/packages/

harmony/index.html

HTSeq 0.5.4p5 https://htseq.readthedocs.io/en/latest/

Manager Software v6.1 https://www.bio-rad.com/

MaxQuant V1.5.2.8 https://www.maxquant.org/

MSD Discovery workbench v4.0 https://software.mesoscale.com/

MSidDBr package v7.5.1 https://www.gsea-msigdb.org/gsea/msigdb

Perseus V1.5.1.6 https://maxquant.net/perseus/

R V4.2.2 https://www.npackd.org/p/r/4.2.2/

SCTransform V2 https://satijalab.org/seurat/archive/v4.3/

sctransform_v2_vignette

https://bioconductor.org

Slingshot v2.6 https://www.npackd.org/p/r/4.2.2/

TopHat2 v2.1.0 https://ccb.jhu.edu/software/tophat/index.shtml
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study was entirely performed on human primary cells in ex vivo culture. Human CD34+ progenitors were collected from the bone

marrow of healthy adult donors (N=10, Lonza, 2M-101B) or from cord blood donors (N=6, Cell Therapy Unit, Saint-Louis Hospital,

Paris) or from the peripheral blood of patients with JAK2-V617F JAK2V617F MF (N=3) with written informed consent. Patient sample

collection was performed in accordance with the Declaration of Helsinki following study approval by the Ethics Committee Ile de

France III (Institutional review board IDRCB 2015-A01048-41- Protocol C14/42). All the cell samples proposed by Lonza were

from male donors. JAK2V617F MF cells were collected from male patients as well.

METHOD DETAILS

Cell cultures
CD34+ cells initially sorted by AutoMacs system (Miltenyi Biotech) and frozen in FBS-DMSO 10% were thawed, and cultured at

0.15 3 106 cells/mL, either in MEM-alpha medium (Gibco) supplemented with 10% fetal calf serum (FCS, Eurobioscientific) and

2 mM L-glutamine (all from Gibco) or in StemSpanTM SFEM II (StemCell Technologies). Media were supplemented with 1%

penicillin/streptomycin (P/S) and recombinant human FMS-related tyrosine kinase 3 ligand (FLT3L), Stem Cell Factor (SCF) and

thrombopoietin (TPO), all at 40 ng/mL (PeproTech) at 37�C, 5% CO2, and 20% O2. UM729 (35 nM) and StemRegenin 1 (75 nM)

(both from StemCell Technologies) were added to StemSpanTM. After 48 hours, the cells were plated in fresh medium in the absence

or presence of 100 ng/mL recombinant human IL6 (PeproTech), CAL (10 000 ng/mL, BioLegend), or their combination (IL6_CAL). The

cells were collected at 24 or 48 hours for bulk RNA sequencing or were diluted on day 4 with fresh cytokines and treatments to be

harvested using PBS/EDTA 0.1% (Prolabo) on day 7, together with their supernatant.

We also performed independent erythroid cell cultures from human CD34+ progenitors of adult healthy donor bone marrows as

described.19 After 48 hours in StemSpanTM SFEM II medium with SCF, UM729 and StemRegenin 1, cells were plated at 0.8 x 106

cells/mL in Iscove’s modified Dulbecco medium (IMDM; Life Technologies, Grand Island, NY) supplemented with 15% serum

substitute (StemCell Technologies, Vancouver, Canada), 40 ng/mL FLT3L, 100ng/mL SCF, 1 UI/mL IL3, 2 UI/mL erythropoietin

(EPO, Roche Diagnosis, Basel, Switzerland), 1 mM dexamethasone (DEXA, Sigma-Aldrich, Saint-Louis, MI) for 5 days. From day

6, the cells were maintained with SCF, EPO and DEXA for 2 days, then with SCF and EPO for 2 days and from d10 with EPO alone.

When indicated, IL6 (10 ng/mL) and CAL (10 000ng/mL) were added at day 0 and renewed every 3 days. Erythroid differentiation was

assessed by the cytological examination of May-Gr€unwald-Giemsa-stained cytospins. Cells were harvested at day 5 and seeded at

4 x 103 cells/mL with or without CAL in methylcellulose for colony-forming cell assays in the presence of EPO, SCF, IL3, IL6, G-CSF,

and GM-CSF (MethoCultTM SF H4436, StemCell Technologies, Vancouver, Canada). Colonies of burst-forming unit-erythroid

(BFU-E) and colony-forming unit (CFU)-granulomonocytic (GM), granulocytic (G) or monocytic (M) types were enumerated after

14 days of the methylcellulose culture. Cells were also collected at day 7, day 12 and day 15 for proteomic analyses.

Cord blood CD34+ cells (7.5x104 /ml) were cultured in SFEM II in the presence of 40 ng/mL SCF and 10 ng/mL M-CSF for 7 days,

with or without IL6 or CAL, before cell count and flow cytometry analysis of cell surfacemarkers at the surface of CD34-negative cells,

especially CD64 and CD300E, and RT-qPRC analysis of S100A8 and S100A9 gene expression, using GUS, PPIA and RPL32 as

housekeeping genes (Primers in the key resources table).

Bulk RNA-seq
Total RNA was collected from cells cultured for 24 or 48 hours using TRI Reagent and Direct-zolTM RNA Microprep (both from Zymo

Research). RNA integrity (score R 7.0) was checked on a fragment analyzer (Agilent) and quantified using a Qubit (Invitrogen). A

SureSelect Automated Strand Specific RNA Library Preparation Kit was used according to the manufacturer’s instructions with

the Bravo Platform. Briefly, 100 ng of total RNA was used for poly(A) mRNA selection using oligo(dT) beads and subjected to thermal

mRNA fragmentation before conversion into double-stranded DNA for library preparation. The final libraries were barcoded, purified,

pooled and subjected to paired-end sequencing on a NovaSeq-6000 sequencer (Illumina).

Single-cell RNA sequencing
Single-cell suspensions (to reach�10,000 individual cells per sample) were loaded onto a ChromiumSingle Cell Chip (10xGenomics)

according to the manufacturer’s instructions for coencapsulation with a barcoded gel using a Chromium Controller (10X Genomics).

Captured mRNAs were barcoded during cDNA synthesis using the Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit

v3.1 (10X Genomics) according to the manufacturer’s instructions. All samples were prepared at the same time per donor under the

4 conditions and processed simultaneously with a Chromium Controller (10X Genomics), and the resulting libraries were prepared in

a single batch. All the libraries were pooled for sequencing with an 8-base index read, a 28-base Read1 containing a cell identifying

barcode with unique molecular identifiers (UMIs), and a 91-base Read2 containing transcript sequences on a NovaSeq 6000

(Illumina).
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Assays for transposase-accessible chromatin using sequencing
The assay for transposase-accessible chromatin with sequencing (ATAC-seq) was performed on 100,000 cells generated from HD

and MF CD34+ progenitors after 7 days in liquid culture in the absence or presence of IL6 using an ATAC-Seq kit (Active Motif). After

centrifugation, the supernatant was discarded, and the cells were collected in 100 ml of ice-cold ATAC lysis buffer. After centrifuga-

tion, the supernatant was discarded, and the nuclei were subjected to a tagmentation reaction (30 min at 37�C) and DNA purification

according to the manufacturer’s instructions. The purified tagged DNA was amplified 10-fold by PCR with a combination of the in-

dexed primers i7 and i5 followed by SPRI clean-up before quality control using a fragment analyzer (Agilent). The final libraries were

pooled together in equal concentrations and subjected to paired-end sequencing (100 cycles, 2x50) using a NovaSeq-6000

sequencer (Illumina).

Cytokine level measurements
Culture supernatants were collected after sample centrifugation at 1500 rpm for 5min and stored at -80�C.Mediumwithout cells was

used as a control. Aliquots were centrifuged at 1500 rpm for 15 min at 4�C, diluted 1:4 and analyzed using a Bio-Plex ProTM Human

Chemokine Panel 40-plex Assay (Bio-Rad). Acquisitions and analyses were performed on a Bio-Plex 200 system with Manager 6.1

Software (Bio-Rad). Soluble CAL was measured using R-plex Human Antibody Sets (Meso Scale Discovery), a MESO QuickPlex

SQ120 reader and MSD Discovery Workbench 4.0.

Quantitative proteomics and data analysis
The cells were collected on days 7, 12 and 15 of EPO-driven liquid culture. Label-free quantification (LFQ) proteomic experiments

were performed as described previously.20 Mass spectrometry (MS) data were processed with MaxQuant version 1.5.2.8 using hu-

man sequences from the UniProt-Swiss-Prot database (UniProt, release 2015-02) with a false discovery rate (FDR) below 1% for both

peptides and proteins.51

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical tests are indicated in the figure legends. The p-values of the tests are expressed as follows: * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001. In the absence of precision, the test is not significant.

Bulk RNA-seq
The raw reads were mapped to the hg19 genome with TopHat2 (v2.0.14)/Bowtie2 (v2.1.0). The number of reads per gene

(GENECODE gene annotation v24lift37) was counted using HTSeq (0.5.4p5). Differential expression analysis was performed with

DESeq2 v1.38.3 (50),50 accounting for the donor effect in the mode, after filtering out genes that did not have at least 10 counts in

at least 1 sample.MA plots were drawn using the shrunk Log2FoldChange fromDESeq2 analysis via the apeglm shrinkagemethod.52

Gene set enrichment analysis (GSEA) and overrepresentation analysis (ORA) were performed with the clusterProfiler package

v4.6.53,54 Gene sets from the Hallmark, KEGG, GO, and HPO databases were retrieved from the Molecular Signatures Database

(MSigDB) using the msigdbr package (v 7.5.1).55,56 Genes we56re annotated using the mapIds function of the AnnotationDbi pack-

age. The mapped gene names were ranked according to their ‘‘stat’’ score from the differential expression analysis, and GSEA was

run with a p value cutoff of 0.05, which was limited to gene sets of a size between 20 and 800 genes. The results were sorted by the

NES, and the top pathways were plotted with ggplot2. Deconvolution was performed using gene set variation analysis (GSVA)57 with

the GSVA package v1.42. Homemade gene sets of hematopoietic cells based on Azimuth HumanBoneMarrow reference annotation

markers with a few additional known genes (Table S1) were used to measure enrichment scores (GSVA method, with kcdf set to

Poisson).

Single-cell RNA sequencing
The raw BCL files were demultiplexed using bcl2fastq (version 2.20.0.422 from Illumina), and read quality control was performed us-

ing fastqc (version 0.11.9). Reads were pseudomapped to the Ensembl reference transcriptome v99 (Homo sapiens GRCh38 built

with Kallisto, version 0.46.2). The index was prepared with the kb-python (version 0.24.4) wrapper of Kallisto. Barcode correction

was performed using the whitelist provided by the manufacturer, and gene-based read quantification was performed with BUStools

(version 0.40.0). Empty droplets were detected using the emptyDrops function from the dropletUtils package (version 1.10.3), and

barcodes with a p value < 0.001 (Benjamini–Hochberg-corrected) were considered for analysis. The count matrix was filtered to

exclude genes detected in fewer than five cells, cells with fewer than 1500 UMIs or fewer than 200 detected genes, and cells with

a proportion of mitochondrial transcripts greater than 20%. Cell cycle scoring was performed using the CellcycleScoring function

of the Seurat package (version 4.0.4) and the cyclone function of Scran (version 1.20.1). Doublets were discarded using scDblFinder

(version 1.6.0) and scds (version 1.8.0). We manually verified that cells identified as doublets did not correspond to cells in the G2/M

phase. Datasets were integrated using the Harmony method and merged using Seurat (version 4.0.4; 56), and the SCTransform

normalization method58 was used to normalize and scale the data, select 3000 highly variable genes and regress out bias factors.

The reduced PCA spaces were used as input for the HarmonyMatrix function implemented in the Harmony package (version
e4 iScience 28, 111522, January 17, 2025
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0.1.0), where the batch effect (donor: D16, D19, D22, D23, DAR, PRU, VAR) was regressed. The shared space output by Harmony

was used for clustering. The optimal number of dimensions was evaluated by assessing a range of reduced Harmony spaces using 3

to 49 dimensions, with a step of 2. For space, Louvain clustering of cells was performed using a range of values for the resolution

parameter from 0.1 to 1.2 with a step of 0.1. The optimal space was the combination of kept dimensions and clustering resolution

resolving the best structure (cluster homogeneity and compacity) in UMAP (19 PCs, resolution 0.1 and 0.6) (52). Marker genes for

Louvain clusters were identified through a ‘‘one versus others’’ differential expression analysis using the Wilcoxon test through

the FindAllMarkers function from Seurat, considering only genes with a minimum log fold change of 0.5 in at least 50% of cells

from one of the groups compared and FDR-adjusted p values <0.05 (Benjaminin–Hochberg method) and annotated using the cell-

type.l2 annotation markers of Azimuth’s Human Bone Marrow dataset, to which a few known genes were added to generated sig-

natures (Table S1) that were scored using AddModuleScore and visualized by UMAP using FeaturePlot. Differential gene expression

analysis was performed using FindMarkers in Seurat v.4 (logfc threshold, 0.25; p value, 0.05; test.use set to "wilcox"), and the results

were plotted with the EnhancedVolcano function and used for overrepresentation analysis (ORA) with the clusterProfiler package

v4.6.53,54 Gene sets from the Hallmark, KEGG, GO, and HPO databases were retrieved from the Molecular Signatures Database

(MSigDB) using the msigdbr package (v 7.5.1).55,56 The q value cutoff was set to 0.05, with the other parameters set to the default

values. ORA pathways were sorted by their adjusted p value, and those with the highest padj were selected for plotting. When plots

combined several conditions or clusters, the top pathways were combined. Pseudobulk analysis was performed on the normalized

counts. Themean expression of every genewas calculatedwith the AverageExpression function of Seurat by clustering (every cluster

had 28 pseudobulk values for each gene) before principal component analysis (PCA) using the factoextra package v1.0.7. Trajectory

analysis was performed using slingshot v2.6.,59 using cluster 9 at a resolution of 0.6 as the starting cluster (lowest pseudotime with

high HSC signature). Given the size of our dataset, we set the approx_points argument to 100, as suggested in the slingshot vignette

(https://bioconductor.org/packages/devel/bioc/vignettes/slingshot/inst/doc/vignette.html). The pseudotime of cells in each identi-

fied lineage was retrieved and plotted by UMAP.

Cytokine level measurements
Each sample was assayed twice, and the average value was taken as the final result. Differential expression analysis was performed

on R (v4.2.2), measuring the log2-fold change in the mean concentration of each cytokine in each condition and measuring the

p value of the concentration of each cytokine in each condition using a paired Wilcoxon test to account for donors. The adjusted

p value was calculated using Benjamini and Hochberg corrections. IL6 quantification was excluded under the IL6 and IL6_CAL treat-

ments, while CAL quantification was excluded under the CAL and IL6_CAL treatments.

Quantitative proteomics and data analysis
LFQ results from MaxQuant were imported into Perseus software (version 1.5.1.6). We calculated average values of duplicates and

calculated the protein copy number per cell by using the Protein Ruler plugin of Perseus by standardizing the total histone MS

signal.60,61 Focusing on the dynamics of ribosomal proteins, we subtracted the mean concentration of each protein on day 12

from its mean concentration on day 15 of EPO-driven liquid culture.

CAL signature validation
The gene expression signature of the MEP2 cluster was used to score MEP2-like cells in other datasets using Seurat’s

AddModuleScore function. Cells with a score > 0.1 for the MEP2-like signature were used to test the CAL_up and CAL_down sig-

natures obtained by combining analyses of HD andMF samples; i.e., these signatures included genes up- and downregulated under

CAL conditions in both HD and MF samples. CAL_up and CAL_down signatures were scored using the Seurat function

AddModuleScore in other datasets. Each individual sample of a COVID-19 dataset (GEO: GSE196990)26 was normalized, and the

variance was stabilized with SCTransform (with vst.flavor set to ’v2’, i.e., using the glmGamPoi function) before merging.62 PCA

was performed with default parameters, and 30 PCs were used for UMAP embedding and clustering. The cluster resolution was

set at 0.1. Data from the MPN dataset (GEO: GSE144568)25 were processed following the Seurat vignette ‘‘Fast integration using

reciprocal PCA (RPCA)’’ v4.3, and PCA was performed with default parameters. Integration was performed with the Harmony pack-

age to regress donor effects using sampleID metadata. Thirty PCs were used for UMAP embedding and clustering. The CMML data-

set (GEO: GSE211033)27 was normalized, and the variance was stabilized with SCTransform before fast integration using reciprocal

PCA. Patients with CMML andmonocytosis of at least 1 G/Lwere analyzed. The AML bulk bonemarrow cell RNAseq dataset (https://

www.cbioportal.org/study/summary?id=aml_ohsu_2022)29 was separated according to the WBC fraction of monocytes annotated

for 271 out of 362 samples before exploring the CAL_up and CAL_down signatures using the GSVA method.
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