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Abstract  

The hematopoietic system is regulated by the intrinsic programming of the hematopoietic stem 

and progenitor cells (HSPCs) and by the signals provided by the bone marrow microenvironment 

through cell-cell interactions and/or cytokines. The effect of IL17A, a proinflammatory cytokine, 

on hematopoiesis is indirect and mediated by bone marrow non-hematopoietic stem cell activation 

and G-CSF and IL-8 secretion. In blood malignancies, IL17A stimulates expansion and 

chemoresistance in multiple myeloma and B-cell acute lymphoblastic leukemia. These recent 

findings support the study of the IL17A signalling axis within the bone marrow as a potential 

therapeutic target. Available evidence regarding the IL17A signalling axis does not clarify the 

sources of IL17A within the bone marrow environment or the hematopoietic stem cell targets, as 

well as their fate. Here, we hypothesize that IL17A is produced in the bone marrow 

microenvironment by specialized cell types and regulates HSPC proliferation and differentiation.  

To test this hypothesis, I measured the activation of the IL17 signalling pathway in scRNAseq 

datasets of mouse and human bone marrow cells. Flow cytometry and confocal microscopy were 

used to analyze IL17 receptor chains A/C expression in HSPCs and define IL17A-expressing cells 

in mouse bone marrow. IL17A levels were measured in blood and bone marrow using ELISA. Ex 

vivo mouse HSPC culture assays were performed in the presence of IL17A or control and analyzed 

by flow cytometry. To further test the functionality of IL17A-treated HSPCs, those were re-

transplanted into lethally irradiated mice. Recipient mice were bled monthly, and the major 

hematopoietic lineages were measured. 

Our findings show that IL-17RA/C is expressed in mice (mRNA and protein) and human HSPCs 

(mRNA). We identified B cells, macrophages, neutrophils, and RORyt+ cells as IL17-producing 

cells in the mouse bone marrow. Importantly, we observed higher levels of IL17A in bone marrow 

compared with blood. Ex vivo treatment of mouse Lin-/Sca1+/cKit+ with IL17A expands 

multipotent progenitors and promotes monocyte differentiation. In sorted Lin-/Sca1+/cKit+, 

IL17A stimulates phosphorylation of P38 and C/EBPß.  

While the pathophysiological role of IL17A in hematopoiesis is not yet established, we observed 

that the IL17-signalling pathway transcriptional signature was up-regulated in hematopoietic stem 

cell samples obtained from young human donors or mice compared to old donors. Additionally, 

the IL17-signalling transcriptional signature was enriched in human CD34+ cells that were 

experimentally exposed to inflammatory stimuli, suggesting a possible role for IL17A in the 

context of inflammation or aging. 

Overall, results from this thesis, obtained in experimental mouse models and through analysis of 

human HSPC transcriptional datasets, show that IL17A is produced in the bone marrow 

microenvironment by immune cells and that it signals bone marrow hematopoietic stem cells to 

drive monocytic-biased output through intracellular activation of P38 and C/EBPß. These results 

pave the way for a detailed study of IL17A in human pathophysiological contexts. 
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Résumé 

Le système hématopoïétique est régulé par la programmation intrinsèque des cellules souches et 

progénitrices hématopoïétiques (HSPC) et par des signaux fournis par le microenvironnement de 

la moelle osseuse via des interactions intercellulaires et/ou des cytokines. Le rôle de l'IL17A, qui 

est une cytokine pro-inflammatoire, dans l'hématopoïèse serait un effet indirect par l'activation de 

cellules souches non hématopoïétiques de la moelle osseuse et la sécrétion de G-CSF et d'IL-8. 

Dans les tumeurs malignes du sang, l’IL17A stimule l’expansion et la chimiorésistance dans le 

myélome multiple et la leucémie lymphoblastique aiguë à cellules B. Ces découvertes récentes ont 

souligné l’importance d’étudier le rôle de l’axe de signalisation IL17 dans la moelle osseuse 

comme voie intéressante d’un point de vue thérapeutique. Cependant, jusqu’à présent, les preuves 

disponibles sur l’axe de signalisation de l’IL17A ne clarifient pas les sources de l’IL17A dans 

l’environnement de la moelle osseuse ni le sort des cellules hématopoïétiques une fois exposées à 

l’IL17A. Ici, nous émettons l’hypothèse que l’IL17A est produite dans le microenvironnement de 

la moelle osseuse par des types de cellules spécialisés et régule la prolifération et la différenciation 

des HSPC. Pour tester cette hypothèse, j'ai mesuré l'activation de la voie de signalisation IL17 dans 

des ensembles de données scRNAseq de cellules de moelle osseuse humaine et de souris. La 

cytométrie en flux et la microscopie confocale ont été utilisées pour analyser l'expression des 

chaînes A/C du récepteur IL17 dans les HSPC et définir les cellules exprimant l'IL17A dans la 

moelle osseuse de souris. Les taux d'IL17A ont été mesurés dans le sang et la moelle osseuse par 

ELISA. Des tests de culture ex vivo de HSPC de souris ont été réalisés en présence d'IL17A ou de 

contrôle et analysés par cytométrie en flux. Pour tester davantage la fonctionnalité des HSPC 

traitées à l’IL17A, elles ont été retransplantées chez des souris mortellement irradiées. Les souris 

receveuses ont été saignées mensuellement et les principales lignées hématopoïétiques ont été 

mesurées. Nos résultats montrent que l'IL-17RA/C est exprimée chez la souris (ARNm et 

protéines) et dans les cellules souches hématopoïétiques humaines (ARNm). Nous avons identifié 

les cellules B, les macrophages, les neutrophiles et les cellules RORyt+ comme cellules 

productrices d'IL17 dans la moelle osseuse de souris. Surtout, nous avons observé des taux 

d’IL17A plus élevés dans la moelle osseuse que dans le sang. Le traitement ex vivo de la LSK de 

souris avec l'IL17A développe les progéniteurs multipotents et favorise la différenciation des 

monocytes. Dans les LSK, l'IL17A stimule la phosphorylation de P38 et de C/EBPß. De plus, nous 

avons observé que la signature transcriptionnelle de la voie de signalisation IL17 était régulée 

positivement dans les échantillons de cellules souches hématopoïétiques obtenus auprès de jeunes 

donneurs humains par rapport aux donneurs âgés. De plus, la signature transcriptionnelle de la 

signalisation IL17 a été enrichie dans des cellules CD34+ humaines exposées expérimentalement 

à des stimuli inflammatoires, suggérant un rôle possible de l’IL17A dans le contexte de 

l’inflammation ou du vieillissement. Globalement, les résultats de cette thèse montrent que les 

cellules immunitaires produisent de l’IL17A dans le microenvironnement médullaire. De plus, 

l'IL17A stimule la production de monocytes grâce à l'activation intracellulaire de P38 et de 

C/EBPß. Ces résultats ont ouvert la voie à une étude détaillée de l’IL17A dans des contextes 

physiopathologiques humains. 
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1. Introduction: literature review 

 

1.1. Hematopoietic stem and progenitor cells 

The hematopoietic stem and progenitor cells (HSPCs) are responsible for generating 

approximately 1013 blood and immune cells within the human body (1). In humans and mice, 

hematopoiesis has been divided into two different “steps”: 1-)  primitive hematopoiesis and 2-) 

definitive hematopoiesis. The primitive hematopoiesis starts in the yolk sac at 3 weeks of gestation 

(2), and at the embryonic age of 7 days (3), in humans and mice, respectively. Due to the ethical 

implications of studying hematopoiesis in humans during embryogenesis as well as limitations in 

the current technologies (4-6), most aspects have been characterized in mice. During primitive 

hematopoiesis, hematopoietic cells are restricted to erythroid-myeloid progenitors (7), in charge 

of producing red blood cells (8), megakaryocytes (9,10), and macrophage progenitors (11,12). 

However, by E8 .25 hematopoietic cells with lymphoid programming, responsible for generating 

B and T cell subsets, can be found within the yolk sac (13,14). 

Primitive myeloid cells differ from those generated during the definitive hematopoiesis. Notably, 

primitive erythroblasts are 1-) larger, 2-) retain their nucleus upon entry into the circulation, and 

3-) have different globin expression patterns (15). Primitive macrophages can mature faster by 

skipping the monocyte step (11,12). These macrophages will generate tissue-resident macrophages 

with a long life and self-renewal capacity (16,17) and will also generate microglia (18-20). 

Additionally, the megakaryocyte population derived from the primitive phase is less efficient in 

producing platelets (21,22).  

Definitive hematopoiesis starts in the aorta–gonad–mesonephros (AGM) region of the embryo at 

E10.5 in mice (13,14) and after 32 days of gestation in human (15). These newly generated 

hematopoietic stem cells (HSCs) can engraft in adult mice and are identified by the co-expression 

of hematopoietic and vascular markers CD144+/CD45+/CD93+/cKit+/Sca1+/CD31+ (16-18) 

with the equivalent phenotype in humans CD34+/CD144+/CD117+/CD91+/CD45+/CD105+  

(19). However, at E9 in mice, the hematopoietic cells from the yolk sac and para-aortic 

splanchnopleura can engraft neonatal recipients (20,21), highlighting the existence of pre-HSCs 

(22) that at this point are still immature due to the microenvironment; this is demonstrated by the 

capacity of these cells to mature into definitive HSCs after recreating the fetal microenvironment 

through coculture with OP9-stromal cells (23-26). 

Around E14.5 in mice, the site of hematopoiesis shifts from AGM to the fetal liver, and at E18.5 

will shift again to colonize the bone marrow (27). In humans, hepatic colonization will occur at 30 

days of gestation, the principal hematopoietic organ from this time to the 10th week, by which time 

bone marrow starts to be colonized by HSCs (28) and will become the definitive site of 

hematopoiesis into the postnatal stage (28).  
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The HSC compartment is characterized by different levels of self-renewal capacity and 

multipotency (29). This compartment traditionally has been conceptualized as a “hematopoiesis 

tree model” based on hierarchical progenitor organization (30) (Figure 1. A). These progenitors 

are organized according to their self-renewal capacity and lineage potential (31). In mice, a major 

group of multi-potent hematopoietic progenitors within the bone marrow expresses the markers 

LSK (linage negative, c-Kit positive, and Sca-1 positive) (32) which has been identified using 

flow cytometry markers, gene expression profiles, and functional assays(31,33-35) (Table 1).  

A 

 
B 

 

C 

 

Figure 1. Hematopoietic stem and progenitor cells. A: The "classic model" of hematopoiesis is hierarchical, placing 

self-renewing pluripotent hematopoietic stem cells (HSCs) at the top. These cells differentiate into hematopoietic 

progenitor cells, and a branching lineage map illustrates the gradual narrowing of their developmental potential 

through successive bifurcations. B: The illustration depicts hematopoietic stem cell dynamics during homeostasis and 

regeneration. Under homeostasis, HSCs generate multipotent progenitors (MPP2, MPP3, MPP4) that produce 

balanced outputs across megakaryocyte/erythroid (MegE), granulocyte/monocyte (GM), and lymphoid lineages. 

During regeneration, HSCs exhibit reduced self-renewal and undergo myeloid reprogramming, resulting in a myeloid-

biased output with diminished lymphoid differentiation (33). C: The pair-wise model differs from tree-like models by 

proposing that hematopoietic stem cells can directly commit to a specific lineage without the necessity of sequentially 
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eliminating alternative fates. A key feature of this model is its emphasis on the close relationships between cell 

lineages, highlighting the lineage options accessible to bi-potent cell populations (36). Generated in Biorender 

 

Experimental data have shown that subsets of these progenitors are lineage-biased (31,33-35) 

consistent with the intrinsic program of HSCs (37). However, extrinsic signalling may induce 

HSPCs to switch their differentiation potential (Figure 1. B). Therefore, emerging experimental 

evidence is challenging the classical hematopoietic tree model, recognizing that HSPCs have 

a certain level of plasticity (38), superimposed on their pre-determined commitment potential 

(Figure 1. C). For example, a progenitor biased with lymphoid commitment might be able to 

generate myeloid cells under specific conditions such as inflammation (33) (Figure 1. B). HSCs 

indeed have this capacity to “make decisions” based on signals provided by the microenvironment 

through molecular messengers (39,40).    

Table 1. Characterization of mouse LSK subsets 

Name Markers Long-term self-

renewal capacity 

Biased-lineage 

potential 

Hematopoiesis 

reconstitution* 

Number of serial 

transplants* 

LT-HSC 

(33-35) 

LSK/CD135-

/CD48-/CD150+ 

+++ No Yes All 

ST-HSC 

(33-35) 

LSK/CD135-

/CD48-/CD150- 

+ No Yes First one only 

MPP2  

(33-35) 

LSK/CD135-

/CD48+/CD150+ 

- Megakaryocytes 

and 

Erythrocytes 

No No 

MPP3  

(33-35) 

LSK/CD135-

/CD48+/CD150- 

- Granulocytes 

and monocytes 

No No 

MPP4 

(33-35) 

LSK/CD135+/CD

48+/CD150- 

- Lymphoid No No 

* In lethally irradiated mice. 

LT-HSC: long-term hematopoietic stem cells 

ST-HSC: short-term hematopoietic stem cells 

MPP: multipotent progenitor 

 

1.2. The hematopoietic niche 

The bone marrow is a highly organized, specialized, and dynamic organ (41), supported by a 

communication system that integrates every component to orchestrate a functional unit (42). The 

non-hematopoietic compartment (stroma), composed of mesenchymal stromal cells (43-45), 

extracellular matrix proteins (46), sympathetic nerve endings (47), vasculature (47), 

physicochemical gradients and mediators (48), is organized in a highly specialized 

microenvironment termed the hematopoietic niche (42,49-51) (Figure 2). Despite the high 

vascularization in the bone marrow, this microenvironment is hypoxic, with the lowest oxygen 

tensions found near sinusoids in the central cavity (52). 
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The hematopoietic niche includes the basic regulatory unit that maintains, directs, and coordinates 

the fate of the hematopoietic stem cell (HSC) compartment (41,51). The correct functionality of 

the hematopoietic system is supported by bi-directional communication between HSCs and their 

niche through soluble mediators (e.g. cytokines) (41) and/or membrane-expressed mediators 

(integrins)(41). The bone marrow niche drives the fate of HSCs through the secretion of growth 

factors (53), regulation of hypoxia (52,54), and the metabolic microenvironment, for example by 

controlling the availability of aspartate for certain kinds of stem/progenitor cells (55). The niche 

also can receive feedback from the inside or outside of the bone marrow microenvironment to 

coordinate a hematopoietic output in response to the needs of the organism (56-58).  

Despite substantial insights gained over the past twenty years through genetic knockout and 

reporter mouse models, advanced imaging techniques, single-cell genomics, and experimental co-

culture systems, the crosstalk between niche and HSC is not fully understood (59-61). However,  

it is very well-known that infectious diseases (60), inflammation (62), aging (63), and epigenetics 

factor (64), can distort the function of the hematopoietic system (65). 

 
Figure 2. This image illustrates the intricate relationship between hematopoietic stem cells (HSCs) and their bone 

marrow microenvironment (niche) in regulating hematopoiesis. The bone marrow contains various cellular 

components such as stromal cells, endothelial cells, osteoblasts, osteoclasts, macrophages, CAR cells, and fibroblasts, 

which collectively create a supportive environment for HSC maintenance, self-renewal, and differentiation. The 

sinusoidal vasculature and arterioles facilitate nutrient exchange and provide spatially distinct niches that influence 

HSC fate through physical interactions, cytokine signalling, and extracellular matrix dynamics. These regulatory 
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interactions ensure the balance between quiescence and proliferation of HSCs, enabling steady-state hematopoiesis 

and stress-induced blood cell production. Generated in Biorender 

 

1.2.1 Cellular components of the hematopoietic niche 

Osteolineage cells were the first cell type reported in the marrow to be associated with the 

hematopoietic niche (66-68). The endosteum was identified as a place with HSCs with higher 

hematopoietic potential (68). Later studies showed in vitro and in vivo that osteoblastic cells 

support HSC activity and the loss of these cells in mice impaired hematopoiesis (69-72) and 

reduced the number of HSC (73). Osteolineage cells contribute to hematopoiesis by secreting 

hematopoietic factors (74) such as G-CSF (69), as well as expressing cell surface proteins essential 

to HSC function (Notch1) (75,76), dormancy regulation (Tie2/angiopoietin-1 signalling) (77) 

and/or coordination of homing (78). 

Bone marrow mesenchymal stromal cells are fundamental components of the bone marrow 

niche (43,44). These cells can differentiate into osteoblastic cells (79), maintaining the integrity of 

the microenvironment. However, their impact on hematopoiesis is not only related to structural 

support of the microenvironment, but also, they can affect the fate of HSCs. Co-transplantation of 

HSCs and mesenchymal stem cells improves the bone marrow engraftment in non-human primates 

(80) and increases the self-renewal capacity of bone marrow HSCs (81). Additionally, the 

chemokine CXCL12, or stromal-derived factor-1 (SDF-1) is constitutively expressed by bone 

marrow stromal cells and is implicated in the regulation of HSCs quiescence (82,83), HSCs 

regeneration (83,84), and homing (85-87). Mesenchymal stromal cells participate in hematopoiesis 

by secreting hematopoietic cytokines such as IL6, GM-CSF or IL11 (88), either by as soluble 

factors or macrovesicles rich in mRNA during stromal cell-HSC communication (89). 

Endothelial and perivascular cells colocalize with HSCs within the hematopoietic niche (90). 

The vasculature is required as an exit point for HSC mobilization into the bloodstream (91). 

Endothelial and perivascular cells also regulate hematopoiesis through secreted mediators named 

angiocrine factors (92,93) which can affect the balance between self-renewal and differentiation 

of HSCs (93). Indeed, endothelial cells are required for Notch-dependent HSC to preserve their 

self-renewal capacity and repopulation (94) as well as stem cell factor production (95). 

Neural and glial cells, part of the bone marrow microenvironment, have been implicated in HSC 

regulation and fate decisions (51). Sympathetic nerve endings are in part responsible for HSCs 

mobilization via regulation of G-CSF and CXCL12 secretion by the bone marrow 

microenvironment (96) (97). On the other hand, non-myelinating Schwann cells are a major source 

of TGF-ß within the bone marrow (98,99). TGF-ß acts on HSCs, which are close to glial cells, to 

maintain their dormancy and numbers (99,100). 
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Megakaryocytes (Mk) contribute to the hematopoietic niche via secretion of CXCL4, TGF-ß, and 

TPO which are important to HSC quiescence (101-106), and the depletion of Mk result in the loss 

of HSCs quiescence (107). 

Macrophages play a role in the retention of HSCs within the niche through Nes+ stromal cells 

(108-110). The bone marrow-resident macrophages can suppress the entry into the cell cycle of 

quiescent HSCs via Duffy antigen/chemokine receptor CD234/DARC interactions (111). A subset 

of these bone marrow macrophages, which express α-smooth actin, are involved in HSC 

maintenance via COX-2-derived prostaglandin E2 and activation of CXCL12 expression (112). 

Additionally, subsets of macrophages constitute a specialized niche for erythroblasts, called 

erythroblast islands. In this particular niche, mitochondrial transfer occurs from erythroblast to 

macrophages via tunnelling nanotubes (113). Depletion of macrophages in bone marrow impaired 

erythropoiesis (114).  

A subset of regulatory T lymphocytes (Treg), phenotypically characterized by 

CD4+CD25+ expression and with immune-modulatory function (115), plays a critical role within 

the bone marrow niche by controlling HSC quiescence and engraftment through the regulation of 

adenosine (116). Treg populations provide immune privilege to the bone marrow hematopoietic 

niche through IL10 secretion (117).  

1.2.2 Membrane-associated protein components of the hematopoietic niche 

In the bone marrow microenvironment, biochemical communication is carried out by soluble 

components (such as cytokines and neurohormones) and membrane-associated proteins such as 

chemokines and integrins (58). Since this thesis focuses on the hematopoiesis regulation by 

cytokines, I briefly describe here some relevant non-soluble components within the bone marrow 

hematopoietic niche.  

VCAM1, an integrin expressed by endothelial cell (118), stromal cells (118) and macrophages 

(110), regulates mobilization of HSCs (118-120). In the same way, the chemokines CXCL12 and 

CXCL4, expressed by stromal cells (82,83), and Mk (101-106), respectively regulate the HSC 

mobilization, homing, and dormancy (82,83,101-106). As previously stated, Notch signalling is 

essential for the HSC development and homing, as well as the preservation of their self-renewal 

capacity (75,76,94). The HSCs receive Notch signals by cell-cell communication with endothelial 

and perivascular cells (75,76,94). 

1.2.3 Cytokine components of the hematopoietic niche 

Cytokines are signalling molecules produced by different cell populations in response to changes 

in the microenvironment (121). These chemical messengers can communicate instructions to 1-) 

the same cell that secretes them (autocrine), 2-) neighbouring cells or those that belong to the same 

microenvironment (paracrine), or 3-) cells that are in a different anatomical zone (endocrine) (122).  
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The binding of these proteins with their functional receptor generates conformational changes that 

determine the course of the target cell (activation, differentiation and or proliferation) (123,124). 

For example, cytokines like IL1 can mediate T-cell activation (125), IL23 drives Th17 

differentiation (126), and IL2 promotes T-cell proliferation (127). IL2, which promotes activation, 

proliferation and differentiation in competent T cells, produces all three effects listed above (128).   

One single cytokine can be produced by different cell populations. For example, GM-CSF 

(granulocyte/monocyte-colony stimulator factor) is produced by subsets of lymphoid, myeloid and 

stromal cells (129). Additionally, two different cytokines can cooperate in a synergistic 

relationship to induce a more powerful response such as the TNF-α and IFN-γ mediated antiviral 

response (130,131).  

Usually, the cytokine secretion patterns occur in a cascade, such that one cytokine stimulates its 

target cells leading to a downstream pathway activation within the target cells to induce additional 

cytokine production, amplifying the effect (142). Redundancy in the pathways ensures 

compensatory signalling mechanisms which can mitigate the compromise of any given pathway 

(143).  

Hematopoiesis is highly regulated by cytokines (39,132-138). Cytokines instruct HSPC 

proliferation and lineage commitment (137,138). One of the most impressive aspects related to 

cytokines and hematopoiesis is their polyfunctionality. For example, granulocyte colony 

stimulator factor (G-CSF) is a hematopoietic cytokine that promotes proliferation of HSPCs, 

granulocytic differentiation, and bone marrow egress (139-142).   

Several cytokines have been named “instructive hematopoietic cytokines” due to their effect to 

commit HSCs/HSPCs to one terminal phenotype. They include Erythropoietin (Epo), 

Thrombopoietin (TPO), M-CSF, G-CSF and GM-CSF. For example, Epo acting on MEP will 

promote erythroid commitment (143). TPO is the principal growth factor for megakaryocyte 

proliferation and differentiation and platelet formation (144-146). Despite the instruction effect on 

HSCs related to megakaryocyte commitment, TPO can contribute alone or in combination with 

other hematopoietic cytokines to increase the proliferation and differentiation of HSCs (147,148). 

Those hematopoietic effects are attributed in part to their effect on increasing Homeobox B4 

(HOXB4) expression (149), a transcription factor essential for the self-renewal of HSCs and their 

recovery from stress  (150-152). Additionally, TPO enhances HSC homing in the bone marrow by 

downregulation of matrix metalloproteinase 9 (MMP‐9) gene expression and subsequent 

perturbation of the SDF‐1α/CXCR4 axis. (153).  

In contrast, M-CSF and G-CSF will guide myeloid progenitors to differentiate into 

monocytes/macrophages and granulocytes, respectively (154,155). Several pro-inflammatory 

cytokines have hematopoietic effects (156), such as IL1 (157), IL3 (158), IL6 (159), IL18 (160), 

Type I and II interferons (161), TNF-α (162), and IL17 (163).  
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Stem cell factor (SCF) is a cytokine essential for preserving HSC pool (164). This cytokine, 

produced by stromal and endothelial cells (95,165) binds to c-Kit (the stem cell factor receptor) 

expressed on HSPCs to support their self-renewal capacity (166). Additionally, SCF appears to 

collaborate with other cytokines such as IL3, CSFs, and erythropoietin to preserve HSCs 

proliferation, as well as to promote myeloid and erythroid differentiation (167,168).  

IL6, mainly produced by stromal cells, is a pro-inflammatory cytokine involved in myeloid 

differentiation during emergency hematopoiesis (169,170), a process activated by infection or 

inflammation, aimed at boosting the production and activation of innate immune cells to facilitate 

rapid pathogen elimination (171). However. IL6 promotes myeloid lineage commitment on HSCs, 

but it is also relevant to preserve the physiological rate between proliferation and differentiation 

of HSCs.  

IL6-deficient mice lose control of myeloid-biased progenitor differentiation and proliferation, 

leading to abnormal levels of these progenitor cells as well as a slow recovery from hematopoietic 

ablation (172). 

IL3 is a cytokine which synergizes with M-CSF and G-CSF to promote myeloid differentiation 

(173). As well, IL3 has been related to inducing proliferation and myeloid differentiation in HSCs 

(174).  

FLT3L (FMS-like tyrosine kinase 3 ligand) is a growth factor for HSPCs (175) driving 

lymphoid/myeloid differentiation by suppressing the megakaryocyte/erythrocyte potential of the 

cells (176). Mouse experiments have shown that lacking FLT3L impaired NK (177), dendritic 

cells (177), and common lymphoid progenitors (178).    

Several combinations of those cytokines are available through several culture conditions to study 

HSC differentiation/expansion (157,179-182). 

1.3. The role of inflammation in the aging of the hematopoietic system 

The hematopoietic system experiences a time-dependent decline (183) which leads to a propensity 

for failure of hematopoiesis and malignancies (63,184-186). Aging also can directly affect 

cytokine secretion patterns, shifting the balance in favour of pro-inflammatory cytokines (IL-1, 

IL-6, GM-CSF, IL-17, etc.) (56,63). This secretory pattern can "communicate" instructions that 

lead to low-grade chronic inflammation and this process can cause a myeloid-biased hematopoietic 

output (187).  

Biological aging, organismal aging or biological senescence is the gradual deterioration of 

diminished replicative capacity and altered functionality of the cells in living organisms (188). The 

aging of the hematopoietic system in humans is associated with a reduction in self-renewal 

capacity, a remarkable myeloid-biased output, and an increase in the risk of blood malignancies 
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(183,187). Another consequence of this myeloid-biased hematopoiesis is a dysfunction of the 

adaptative arm of the immune system (189). 

The hematopoietic niche is also affected by age, expressing morphological and functional 

modifications (190), such as depletion of CD31highEndomucin−/low arterioles (191), changes in the 

MSCs such as depletion of periarteriolar Osteolectin+ cells (192), which, when replicated 

experimentally, contribute to impaired lymphopoiesis (192,193). In contrast, the architecture of 

marrow sinusoids is preserved which could explain why HSCs are not depleted (194).  

Senescence is the process by which cells irreversibly stop dividing and enter a state of permanent 

growth arrest without undergoing apoptosis (195). Aging is related to cellular senescence by  DNA 

damage accumulation (196,197). Ageing is strongly linked to increased DNA damage response 

(DDR) activation in both proliferating and non-proliferating cells, significantly contributing to the 

accumulation of senescent cells over time. Impaired DNA repair further exacerbates the buildup 

of DNA lesions and persistent DDR signaling, while also promoting widespread chromatin 

alterations observed across various cell types and at the organismal level during ageing. 

Additionally, DDR serves as a key driver of metabolic reprogramming, which can amplify 

senescence-associated secretory pattern (SASP) activity (198). Through its regulation of SASP via 

multiple pathways, DDR emerges as a crucial mediator of age-related inflammation (199,200). 

The pathways leading to cellular senescence are driven by DDR (201,202), telomere shortening 

(203,204), and oncogene activation (205). DNA damage activates DDR signalling through 

proteins such as ATM/ATR (206), CHK1/CHK2 (207,208), and p53 (209,210), resulting in cell 

cycle arrest (211,212). Telomere shortening and fragility similarly trigger DDR, while oncogene 

activation leads to replication stress, ROS production, and mitochondrial dysfunction, culminating 

in DNA damage and cell cycle arrest. These mechanisms converge to induce senescence features, 

including prolonged cell cycle arrest (via p16/p21) (213,214), oxidative damage, increased 

resistance to apoptosis (BCL family proteins), metabolic changes (SA-β-gal), and the secretion of 

SASP (200). 

SASP is a dynamic process activated alongside cell cycle arrest induced by senescence triggers. 

Core SASP factors include proinflammatory cytokines such as IL-6, IL-8, IL17A, and MCP1, as 

well as ECM-modulating enzymes like MMPs, SERPINs, and TIMPs, regulated by IL-1 signalling 

(215,216). (217)Recent discoveries have identified additional SASP effectors, such as GDF15, 

STC1, and MMP1, released as soluble molecules or in exosomes. SASP activation is driven by 

DDR factors, with NF-κB playing a central role (212), further enhanced by pathways like p38 

MAPK and mTOR (211). Transcription factors such as NF-κB, C/EBPβ, and GATA4 regulate 

SASP gene expression (209,218), while chromatin regulators like BRD4 (219) compete with 

PRC2 to enable SASP gene activation (220). Additionally, the cGAS–STING pathway, triggered 

by cytosolic DNA or chromatin fragments, activates NF-κB and IRF3 (221), highlighting its role 

as a major SASP regulator, potentially influenced by DNase downregulation. 
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The stress-inducible MAPK p38 is both necessary and sufficient to induce growth arrest and SASP, 

even in the absence of DNA damage (222,223). p38 enhances SASP gene expression by increasing 

NF-κB activity (223), indicating that while DDR and p38 pathways operate independently, they 

converge to activate the SASP program (224). 

As mentioned above, aging of the hematopoietic system affects the adaptive arm of the immune 

system (decreased expansion of lymphocyte progenitors as well as fully differentiated and 

competent lymphoid cells) (187,192,225). In turn, the aging of the immune system affects the 

hematopoietic system whether by blood-borne factors that act systemically on the hematopoietic 

system (53) and/or pro-inflammatory cytokines expressed by bone marrow stromal and immune 

cells (226), and mainly. Pro-inflammatory cytokines with myeloid differentiation potential (227), 

such as IL-1β, IL12, IL13, IL-6, IL17 and TNFα are increased within the bone marrow 

(162,192,228,229) .   

An aging results in intrinsic changes in the HSC (230,231), characterized by the up-regulation of 

JAK/STAT (225), P38 MAPK (232), p65/NF-κB (233), and mTOR pathways (234). Those 

changes are induced by the same members of the pro-inflammatory cytokines listed above and that 

are increased during aging (39,162,192,228,229).  

Changing the bone marrow niche by transplanting older HSC into younger mice or by 

sympathomimetic supplementation, restores the age-related transcriptional profiles of HSCs (235) 

reactivating the DNA damage response (236), and thereby improves multilineage cell production 

and HSC engraftment (237), respectively.  

Likewise, the exogenous supplementation of P38 MAPK and mTOR inhibitors restores the 

repopulating capacity and maintains the quiescence of HSCs (238,239) and enhance the 

regenerative capacity of HSCs from aged mice (234). Inhibition of IL-11, a pro-inflammatory 

cytokine involved in senescence induction by stimulation of mTORC1-dependent senescence-

associated secretory phenotype factors (IL-6, IL-8) (240), extends the healthspan and lifespan of 

mice (241,242). 

All these elements highlight the therapeutic potential of research into the relationship between the 

hematopoietic system and the immune system during aging as a means to reduce the risk of 

myeloid malignancy and the inflammatory state associated with aging. 

1.4. IL17 and the hematopoietic system 

 

1.4.1. IL17 family and signalling pathway 

IL-17 is a proinflammatory cytokine (243-245) discovered in 1993 (245). It is implicated in 

mucosal defence against extracellular pathogens (bacteria, fungi, or dysregulated commensals), 

tissue repair, and tertiary lymphoid tissue generation (246). IL17A is also involved in chronic 

inflammation and autoimmune diseases such as psoriasis (247). IL17A is the principal referent of 
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at least six structurally similar cytokines (organized here according to their homology with IL17A): 

IL17F, isoforms 1 and 2 (55 and 40% homology, respectively) (248-250), IL17B (29%) (251-253), 

IL17D (25%) (254,255), IL17C (23%) (256,257), and IL17E (also named IL25) (17%) (258-261). 

The IL-17 receptor family consists of five subunits of homologous ubiquitous type I membrane 

glycoproteins that form heterodimers with other chains to bind different IL17 family members: 

named from IL-17RA to IL-17RE (262,263). The IL17RA is extensively expressed in comparison 

with the cell type expression of other IL-17R family receptors (247,264) because of the high 

requirement of IL17RA expression for an effective response (264-266). IL17RA, as a distinct 

characteristic, can modulate the signalling activation by internalizing its ligand as well as itself, 

which decreases the cell surface expression and the ligand availability (264,267).  

IL17A signalling is driven either by the homodimer of two IL17A/IL17A or by the heterodimer of 

IL17A/IL17C (268,269). When one of these two variants binds to its functional receptor 

(IL17RA/IL17RC) (270,271), it induces dimerization of the IL17R complex that will start the 

cascade of signalling events through a conserved SEF/IL-17R (SEFIR) domain, which interacts 

with the adaptor molecule ACT-1 to start the signalling process (262,272). Additionally, the IL17 

signalosome can be formed by an hexameric IL17 complex (IL17RC/IL17RA → IL17A  

IL17RA/ILRC) (273), which increases the IL17A signalling activation (273). IL17F acts similarly 

to IL17A, although its affinity for the IL17RA/IL17RC complex is less than IL17A. However, 

IL17F levels are 30-fold higher on average than IL17A in pathologies, such as psoriasis (274).  

1.4.2. IL17-producing cells 

T-helper cells 17 (Th17) a CD4+ T-cell subset expressing the obligate transcription factor RORγt  

(retinoic acid-related orphan receptors) have been identified as the main source of IL17A/F (275) 

(276,277). Other subsets of immune cells expressing RORyt and IL17A are innate lymphoid cells 

type 3 (278), subsets of γδ T cells (γδT17) (279-281), NK-T cells (282) as well as invariant NK-T 

(mature T cell subset with a semi-invariant T cell receptor (TCR) able to recognize lipids presented 

through CD1d, a non-polymorphic MHC class I-like antigen-presenting molecule) (283,284). 

Since all these cells express RORγt, it was initially thought to be a requirement for IL17A 

production (279). Its relationship was probed experimentally and explained in the following way: 

the RORγt unit through chromatin remodelling promotes IL17A transcription in mice and humans 

(285-287). 

However, other RORγt-negative IL17A-producing cells were later discovered, including CD8 T 

cells (288,289), mesenchymal stromal cells (290) NK cells (291), B cells (292), macrophages 

(293), neutrophils (294), and LTi (lymphoid tissue inducer) cells (295).  

The role of the IL17A/Th17 signalling axis in autoimmune diseases (296) and cancer (270,297) is 

increasingly recognized, particularly in leukemia (298). The plasticity of Th17 cells allows them 
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to further differentiate into non-classical Th1, Th2 and non-classical Treg, with a different effect 

on tumours (298,299).  

For example, when Th17 is polarized to Th1 driven by IL12, this phenotype is capable of 

producing interferon-gamma, IL17A, and expressing the chemokine receptor CXCR3 (297,300). 

This non-classical Th1-polarized Th17 phenotype contains RORγt and T-bet and is highly 

implicated in the antitumor response increasing  inflammation and recruiting neutrophils and other 

immune cells (278).  

In contrast, when Th17 cells are polarized to non-classical Treg by the actions of mediators such 

as TGF-ß and IL6, the Treg-Th17 phenotype expresses the transcriptions factors RORγt and 

FOXP3 and their secretion pattern includes IL-10 and IL-1, and TGF-ß. This phenotype has a 

tolerogenic and protumor role in reducing antigen presentation, T cell activation and functional 

immune cell recruitment (297,301,302). 

1.4.3. The IL17-signalling axis in the hematopoietic system 

The hematopoietic potential of IL17A has been characterized using different experimental 

approaches such as ex vivo colony forming assays and in vivo IL17A injection followed by total 

bone marrow/spleen isolation and colony formation assays. However, those publications have 

resulted in contradictory findings. For example, IL17A injection in mice increases bone marrow 

granulopoiesis but not erythropoiesis (303). In spleen-derived cells, the IL17A exposure increases 

colony-forming units of erythroid and granulocyte/monocyte (304). IL17A ex vivo 

supplementation on mouse total bone marrow cells increased IL-6 production and 

granulocyte/monocyte colony-forming units (163), but in human ex vivo IL-17 supplementation 

inhibited hematopoietic progenitor proliferation (305).   

The contradictory evidence might be partially technical. The absence of isolation of 

immunophenotypically defined bone marrow progenitor cells in older experimental designs does 

not allow the exclusion of indirect effects generated by the stimulation of IL-17 on the 

microenvironment, versus the direct effect of IL-17 on HSPC. It is known that IL-17 stimulates 

mesenchymal stroma cells and other cell types to produce IL-6 and GM-CSF (36). Additionally, a 

chimeric competitive transplantation assay that includes a functional IL17RA knockout (38, 39), 

a gold standard method to study HSC function (40), has never been performed.   

Nonetheless, it is believed that IL17A regulates the bone marrow microenvironment by targeting 

bone marrow mesenchymal stem cells and stromal cells (246,262,306), which express high levels 

of membrane IL-17R (307,308). The downstream signalling pathway activation of IL-17R 

includes JAK/STAT, MAPK, NF-κB pathways (243,273,309) which are involved in 

the proliferation and differentiation of mesenchymal stem cells in response to IL17A (310), 

thereby affecting the bone marrow niche (311). 
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On the other hand, IL17A also affects the secretion pattern of bone marrow mesenchymal stem 

cells and stromal cells. IL17A signals to bone marrow stromal cells in vitro to produce pro-

inflammatory cytokines with hematopoietic effects (134,312,313), including IL-6, TNF-α, G-CSF, 

GM-CSF (246,309). These cytokines can also affect the fate of the bone marrow niche changing 

the HSC program toward myeloid-biased output. For example, when IL-6 is generated in bone 

marrow stromal cells in response to IL-17 stimulus, it stimulates the RANKL, which is 

indispensable for the differentiation and activation of osteoclasts, and this leads to bone resorption 

and osteoporosis. IL-6 also induces excess production of VEGF, leading to enhanced angiogenesis 

(9).  

Outside of bone marrow, IL17A mediates neutrophil activation and recruitment via expression of 

IL8 (314-316). IL17A was found as a central cytokine involved in the spontaneous development 

of germinal center B cell-derived autoantibodies in autoimmune mouse models (317,318), 

highlighting the biological effects of IL17A on bone marrow-derived cells even outside of the bone 

marrow microenvironment.  

IL17A is also relevant in blood malignancies such as B-cell acute lymphoblastic leukemia 

(319,320), acute myeloid leukemia (321), and multiple myeloma (322,323), where it acts as a 

growth factor for the cancer cells by activating BCR-ABL, IL6/JAK/STAT3 and NF-kB signalling 

pathways. Additionally, IL17A promotes secretion of the chemokine CXCL16 by leukemia cells, 

which regulates the leukemic niche by promoting the recruitment of Th17 (320).  

However, despite all the elements discussed here, there are several questions about the role of the 

IL17A signalling pathway within the bone marrow microenvironment (Figure 3). The principal 

questions that we address here are: What are the sources of IL17A in the bone marrow 

microenvironment? Can IL17A directly signal HSC? Which are the cellular subsets targeted by 

IL17A? What is the final output?  



 

 

 
23 

 

Figure 3. Summary of the current knowledge about IL17A-signalling axis within the bone marrow microenvironment. 

From 1 to 4, the main questions aborded in this thesis. Generated in Biorender.  
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2. Hypothesis and objectives  

We hypothesize that IL17A is produced in the bone marrow microenvironment by immune cells 

and directly drives myeloid-biased output on hematopoietic stem and progenitor cells. 

To study our hypothesis, we designed 2 experimental aims: 

1. Assess the IL17A signalling axis in the bone marrow. 

2. Investigate the functional effect of IL17A on bone marrow hematopoietic stem and 

progenitor cells. 
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3. Material and Methods 

3.1 Computational analysis on publicly available single-cell RNA sequencing datasets 

Using publicly available human (339) and mouse (340) bone marrow scRNAseq datasets we 

performed a gene expression analysis for IL-17RA, IL17RC, and ACT-1, in collaboration with 

Matthew Salaciak in the laboratory of Dr. Nathalie Jonhson. 

In the human dataset, we performed gene-set enrichment analysis on differentially expressed genes 

on the HSCs clusters between young (less than 50 years old) and old (more than 50 years old) 

healthy donors. Since the decline of the immune system associated with SASP starts to consolidate 

between 45-50 years-old, we selected 50 years-old as the cutoff.   

In the murine dataset, we performed a U-cell enrichment analysis (324) to explore the IL-17-

signalling pathway in mouse HSPCs.  

The IL17-signalling signature employed in every analysis was 

RACTOME_INTERLEUKIN_17_SIGNALLING (https://www.reactome.org/content/detail/R-

HSA-448424) 

Briefly, each dataset was annotated using the relevant gene signature from DMAP. Then, by gene-

set enrichment analysis, each hematopoietic population was annotated and the visualization and 

dimensional reduction algorithm employed was Uniform Manifold Approximation and Projection 

(UMAP) (325).  

In collaboration with the John Dick laboratory, we investigated the enrichment of IL17-signalling 

in a human bone marrow map (326) as well as the CD34+ compartment with inflammatory 

memory (327,328).   

3.2 Donors and samples  

All in vivo experiments were performed following McGill Animal Care Committee regulations. 

6–8-week-old C57BL/6 mice were used as donors for each experiment. For in vitro experiments, 

the bone marrow sample preparation consisted of a pool of 2 male and 2 female mice.  

In the case of ex vivo culture and in vivo competition assay, the sexes were tested independently 

(first experiment only male as a donor, rescue, and recipient; second experiment only females).  

Every pool was considered an independent experiment. Following euthanasia, the tibia, femur, 

iliac bones, and spine were dissected. Then, the bones were crushed with FACS buffer (PBS 

(Wisent, 311-425-CL) + 2% of FBS (Wisent, 80450) + 1% of penicillin/streptomycin (Wisent, 

450-201-EL) + 2 mM glutamine (Gibco, A2916801)). The cell suspension was collected and 

passed through a 70-micron filter. Then, the tube was spun down at 600G for 5 minutes at 4 

degrees. The supernatant was removed, and the cell pellet was resuspended in 2 ml of FACS buffer 

and transferred into a 15-ml conical tube with 5 ml of Ficoll-Paque solution. After 30 minutes of 

https://www.reactome.org/content/detail/R-HSA-448424
https://www.reactome.org/content/detail/R-HSA-448424
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centrifugation at 1200G at room temperature without acceleration or breaking, the interface of 

nucleated cells was collected and transferred onto a 5-ml FACS tube for staining. 

To assess the IL17A levels in bone marrow plasma, both femurs per specimen were isolated, and 

using scissors, the distal epiphysis was shopped out. The bones were placed in a 0.6-ml Eppendorf 

tube with a small bottom hole within a 1.7-ml Eppendorf tube with 1 ml of PBS. The samples were 

spun down at 12 000 rpm for 10 minutes at 4 degrees and the supernatant was stored at -80 degrees. 

Blood samples (1 ml) were collected through a cardiac puncture in a Vacutainer tube with EDTA 

(BD, CAT:363080). The samples were spun down at high speed, and the supernatant (plasma) was 

collected and stored at -80 degrees until use. 

3.3 IL17A-signalling pathway 

3.3.1 Hematopoietic stem and progenitor cells 

We designed a multicolor-flow cytometry panel (Figure 4) for the identification of every subset 

of mouse LSK (LT-HSC, ST-HSC, MPP2, MPP3, MPP4) following the gating strategy proposed 

by Pietras and co-workers (33). This strategy was used to perform cell sorting during progenitor 

isolation, quantitative population analysis of ex vivo culture, and IL17-RA/RC expression.  

 

Figure 4. Panel and Gatting strategy for mouse bone marrow progenitors’ analysis and sorting. 
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3.3.2 IL17RA and IL17RC expression analysis by flow cytometry 

For IL17RA and IL17RC expression analysis, total bone marrow cells were stained with anti-

mouse c-Kit-BV785 (Biolegend, 105841), Sca1-BV421 (Biolegend, 108127), Zombi-aqua 

(Biolegend, 423101), Biotin lineage cocktail CD11b  (Biolegend, 101204), Gr1 (Biolegend, 

108404), CD11c (Biolegend, 117304), TER119 (Biolegend, 116204), NK1.1 (Biolegend, 

108704), F4/80 (Biolegend, 123106), CD3ε (Biolegend, 100304), CD4 (Biolegend, 100508), B220 

(Biolegend, 103203), and CD8α (Biolegend, 100704) / Streptavidin-BUV395 (BD Horizont, 

564176), CD16/32-BV605 (BD Biosciences, 563006), CD34-AF488 (eBioscience, 53-0341-82), 

CD135-PerCP-eFuor710 (eBioscience, 46-1351-80), IL17RA-PE (eBioscience, 12-7182-80) / 

Isotype control-PE (eBioscience, 11-4321-41), CD150-PE-Cy7 (Biolegend, 115914), IL17RC-

APC (R&D System, FAB2270A-100UG) / Isotype control-APC (R&D System, IC108A), and 

CD48-APC-Cy7 (Biolegend, 103431). 

3.3.3 IL17A uptake and IL17RA trafficking  

Total bone marrow cells were collected as mentioned above. Then lineage-positive cells 

(CD11b+/CD11c-/NK1.1-/Gr1-/TER119-/F4/80+/CD3+/CD4+/CD8+/B220+) were depleted 

using a home-made biotinylated lineage cocktail and magnetic isolation tools from Miltenyi Biotec 

(Anti-Biotin MicroBeads, CAT: 130-090-485; QuadroMACS™, CAT:130-091-051; LD 

Columns, CAT: 130-042-901). We isolated lineage-negative bone marrow cells following the 

instructions of the company. Sample cells from each mouse donor were split into two aliquots 

(control and IL17A treated) and were incubated for 1 hour at 37 degrees with 5% CO2 and 95% 

humidity in PBS +/- IL17A at 500ng/ml. Then cells were washed and stained for the surface 

marker c-Kit-BV421 (Biolegend, 105827), Zombie-NIR (Biolegend, 423105), and IL17RA-APC 

(eBioscience, 17-7182-80) to measure the extracellular expression of IL17RA. Then cells were 

washed and fixed using 4% paraformaldehyde. After fixation cells were permeabilized using 

0.03% of Triton 100 for 10 minutes, then washed, and blocked for 30 minutes using PBS, 5%BSA, 

10% of FBS, and 0.01% of Triton 100). Next, cells were incubated with IL17RA-PE (eBioscience, 

12-7182-80) to measure the intracellular fraction of IL17RA, and IL17A-BUV395 (BD Horizon, 

565246) for 30 minutes. After, cells were washed, resuspended in PBS, and analyzed using a 

SONY ID7000 spectral cell analyzer.  

3.3.4 Phosphorylation assay by flow cytometry on ERK1/2, P38, JNK and IKßα 

Total bone marrow cells from 4-13 independent mice were equally divided into 4 aliquots to 

evaluate the phosphorylation response of p-ERK1/2-PE-Cy7 (Cell Signalling, 98168), p-P38-

AF488 (Cell Signalling, 4551), p-JNK-AF488 (Santa Cruz Biotechnology, sc-6254), and p-IkBα-

PE (eBioscience, 12-9035-42) to IL17A ex vivo stimulation. Summarizing, each donor has 4 

samples: 1) non-IL17A, 2) + IL17A (500ng/ml), 3) non-IL17A + 1 µl/ml of GolgiStop (BD 

Biosciences, 554724), and 4) + IL17A (500ng/ml) + 1 µl/ml of GolgiStop. Samples were incubated 

for 30 minutes at 37 degrees with 5% CO2 and 95%. Next, samples were collected, washed, stained 
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for extracellular markers, washed, blocked, and stained for intracellular markers (phosphorylated 

proteins). After, cells were washed, resuspended in PBS, and analyzed using a SONY ID7000 

spectral cell analyzer.  

3.3.5 IL17RA and ACT-1 expression analysis by confocal microscopy 

To assess the expression of IL17RA and its intracellular molecular adapter ACT-1 we sorted 20 

000 LSK directly onto an 8-well 1.5H Ibidi cover slide coated with human fibronectin 200 µL of 

StemPro serum-free media supplemented with 1% of Penicillin / Streptomycin, 2mM of L-

Glutamine, 1% of insulin-transferrin-ethanolamine, and 25ng/ml of mouse SCF. Cells were 

incubated for 3 days at 37 degrees with 5% CO2 and 95% humidity. Then, cells were rinsed with 

PBS and fixed with 4% PFA for 10 minutes at room temperature. Then, cells were washed with 

PBS and permeabilized with 200 μL of PBS with 0.03% triton X for 10 minutes at room 

temperature and blocked for 1 hour at room temperature with blocking buffer (PBS, 5%BSA, 10% 

of goat and donkey serum, 0.5% NP40).  

Cells were washed 2 times and stained with rabbit anti-mouse primary antibody against IL-17RA 

(Invitrogen, MA5-35663) and mouse anti-mouse primary antibody against ACT-1 (Santa Cruz 

Biotechnology, sc-100647) for 1 hour at room temperature protected the light. After 1 hour, the 

cells were washed 2 times and blocked again for 30 minutes. A secondary antibody stain was done 

with Alexa Fluor 488 goat anti-rabbit (Invitrogen, A-11034) and Alexa Fluor 647 donkey anti-

mouse (Invitrogen, A-31571) for 30 minutes at room temperature protected from the light. The 

samples were washed 2 times and mounting media + DAPI (Invitrogen, P36931) was added. 

Images were acquired in an LSM800 – Airyscan confocal microscope. 

3.3.6 Western blot analysis 

For western blot analysis, we isolated lineage-negative bone marrow cells (CD11b+/CD11c-

/NK1.1-/Gr1-/TER119-/F4/80+/CD3+/CD4+/CD8+/B220+) using a home-made biotinylated 

lineage cocktail and magnetic isolation tools from Miltenyi Biotec (Anti-Biotin MicroBeads, CAT: 

130-090-485; QuadroMACS™, CAT:130-091-051; LD Columns, CAT: 130-042-901). We 

isolated lineage-negative bone marrow cells following the company's instructions. Cells were 

incubated for 30 minutes at 37 degrees with 5% CO2 and 95% humidity in PBS +/- IL17A at 

500ng/ml. Then, cells were washed with cold PBS and lysed using homemade Rippa buffer (1%of 

Sodium deoxycholate (Thermo Fisher Scientific, CAT: 89904), 1% of NP-40 (Thermo Fisher 

Scientific, CAT: 85124), 150 mM of Sodium chloride (BioShop, CAT: 7647-14-5), 25 mM Tris-

HCL pH=7.6 (BioShop, CAT: 77-86-1), and 0.1% of SDS (BioShop, CAT: 151-21-3)) with 

proteinase and phosphatase inhibitors (ThermoFisher, A32959). Protein lysates were reduced 

using Laemmli buffer + 2-Mercaptoethanolran, 50µg of total protein was led in each well of a Bis-

Tris gel with 10% acrylamide, then transferred into a PVDF membrane (BioRad, 1620177). The 

image was acquired using the ChemiDoc system (BioRad, 12003153) and quantified using ImageJ 

which we described before (329).  
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The following antibodies were used to blot for Phospho-IκBα (Ser32) (14D4) Rabbit mAb #2859, 

phospho-p38 MAPK (Thr180/Tyr182) (12F8) Rabbit mAb #4631, phospho-NF-κB p65 (Ser536) 

(93H1) Rabbit mAb #3033, phospho-C/EBPβ (Thr235) Antibody #3084, phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb #4370, Vinculin (Cell Signalling, 

13901T).  

3.4 IL17A in the bone marrow microenvironment 

 

3.4.1 IL17A-producing cells identification  

To evaluate the presence of IL-17-producing cells within the bone marrow microenvironment, we 

collected total bone marrow and performed a spectral flow cytometry characterization using the 

anti-mouse antibodies CD3e-BUV661 (DB Biosciences, 741479), TCRß-BV421 

(Biolegend,109230), CD19-BV510 (Biolegend, 115545), TCRγδ-BV605 (Biolegend, 118129), 

CCR6-BV785 (Biolegend, 129823), NK1.1-AF488 (Biolegend, 108717), CD11b-BV421 

(Biolegend, 101235), Gr1-FITC (Biolegend, 108718), NK1.1-BV510 (Biolegend, 108737), 

RORyt-PE (BD Biosciences, 562684), CD4-PE-Cy5 (Biolegend, 100513), CD8-PE-Cy7 

(Biolegend, 100721), CD45-APC (Biolegend, 103111), Zombie-NIR (Biolegend, 423105). Here 

we follow the same strategy for fixation and permeabilization described in the microscopy section.  

3.4.2 Ex vivo IL17A production evaluation 

To assess the ability of bone marrow cells to produce IL17A, we collected total bone marrow cells 

and stimulated them for 2 hours with Phorbol 12-Myristate 13-Acetate (Sigma P-8139; 50 ng/ml 

final concentration) and Ionomycin (Sigma I-0634; 1 μg/ml final concentration) in the presence of 

1uL per ml of BD GolgiStop™ Protein Transport Inhibitor (containing Monensin). Cells were 

washed, fixed (following the same protocol discussed for microscopy experiments), blocked with 

an anti-CD16/32 in PBS with 5% BSA, and stained (extracellular staining discussed in the 

previous section) for 30 minutes at 4 degrees. Cells were washed and permeabilized using 0.03% 

Triton 100, blocked again, and stained with anti-IL17A-BUV395 (BD Horizon, 563565) and anti-

RORyt (BD Biosciences, 562684). Next, samples were washed and resuspended in PBS, then 

analyzed using a SONY ID7000 spectral analyzer.  

3.4.3 ELISA 

Levels of IL17A in blood and bone marrow plasma were quantified using a quantitative ELISA 

sandwich kit for IL17A (homodimer) Mouse Uncoated ELISA Kit with Plates (Thermo Fisher, 

88-7371-22) following the instructions of the company.  
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3.5 Ex vivo culture 

 

3.5.1 Colony forming assay 

Using methylcellulose-based media supplemented with IL-6, IL-3, EPO, and SCF (Methocult 

M3434, Stem Cell Technologies) and 1% penicillin/streptomycin, we performed a colony 

formation assay for myeloid differentiation on LSK cells, sorting 100 LSK per FACS tube 

containing 1.5 ml of M3434 at single-cell purity. After sorting the cells into the tube, a vortex was 

applied, and the tubes were left to sit for 30 minutes to allow bubbles to rise to the top. Next, 1.1 

ml of the content was dispensed into each well of a 6-well plate using a 1-ml sterile syringe (BD 

Biosciences, SY012638S). The palate was swirled or tilted to uniformly distribute the media. 

Sterile water was added to fill inter-well spaces of the 6-well plate. Next, plates were transferred 

into a Square BioAssay Dish and then placed into a water-jacket incubator (37 degrees, 5% CO2, 

and 95% humidity). Colonies were cultured for 10 days and scored using a STEMgrid™-6 (Stem 

Cell Technologies, 627000). 

3.5.2 Liquid culture  

For expansion and differentiation assay in liquid culture, we used serum-free media (StemPro™-

34 SFM (Gibco, 10639011)) supplemented with 1% of Insulin–transferrin–selenium–

ethanolamine ITSX (Gibco, 51500056), 2mM of L-Glutamine (Gibco, A2916801), 1% 

penicillin/streptomycin (Wisent, 450-201-EL), and ß-Mepcaptoethanol (Gibco, 21985023).  

A cocktail of mouse cytokines was added: 25ng/ml Flt3-L (PeproTech, 250-31L), 0/25/100/500 

ng/ml IL17A (PeproTech, 210-17), 25ng/ml SCF (PeproTech, 250-03), 10 ng/ml IL-3 (PeproTech, 

213-13), 10ng/ml IL-6 (PeproTech, 216-16), 25ng/ml TPO (Peprotech, AF-315-14), 25/ng/ml IL-

11(Biolegend, 756104), 4 U/I EPO (Biolegend, 587604), and 10ng/ml GM-CSF (Biolegend, CAT: 

576304). 2 000 LSK for expansion and differentiation assay, 10 000 SLK for EdU incorporation 

experiments and 1 000 LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 were sorted per well in 24-

well plate Flat Bottom Ultra-Low Attachment (Costar/Corning, 3473). Cells were cultured for 4 

and 8 days at 37 degrees, 5% CO2, and 95% humidity. 50% of the media was replaced every day. 

3.5.3 In vivo reconstitution assay 

For this experiment, we isolated 10 000 LSK from C57/BL6 (CD45.2). Cells were cultured over 

4 days using the same media recipe described above for liquid culture in the presence or absence 

of 100ng/ml of rm-IL17A. On day four, cells were collected and washed. Then, resuspended in a 

mix of 200μl of PBS + 500 000 total bone marrow cells from C57BL/6-CD45.1STEM. The mix was 

intra-tail injected on lethally irradiated hybrid mice obtained from the cross of C57/BL6 (CD45.2) and 

C57BL/6-CD45.1STEM. Hybrid mice received antibiotics 3 days before irradiation to prevent infections. The 

radiation scheme was divided into two doses of 6 G with 24 hours of differences.   
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After one month of transplant, peripheral blood was obtained from the saphenous vane, and after removing 

the red blood cells, samples were stained using anti-mouse CD45.1-FITC (Biolegend, 110705), CD45.2-

BV421 (Biolegend, 109831), CD3-BUV395 (BD Biosciences, 569614), CD11b-PE-Cy7 (Biolegend, 

101215), B220-PE (Biolegend, 103207), and Zombie-NIR (Biolegend, 423105). Data was acquired in a 

SONY ID7000 Spectral Cell Analyzer. After removing the doublet and dead cells, the fraction 

corresponding to the LSK cultured (CD45.2+/CD45.1-) was scored and compared between those that were 

stimulated with IL17A or control. The frequency of the parent was normalized via fold change relative to 

the control.   

3.6 Statistical analysis and software 

The mean fluorescent intensity was defined using the median and compared the values from the 

primary-labeled antibody vs its control in each case using a two-tailed unpaired t-test with Welch's 

correction.  The absolute numbers were determined using CountBright™ (Invitrogen, C36950). 

Briefly, cells were gated on live cells (Zombie-NIR-) after removing the debris and doublets the 

following equation was used:                                                                 where the total beads were 

20 000 and the sample volume was 200µl. 

P values lower than 0.05 were considered statistically significant (p≥0.05 → ns; p<0.05 → *; 

p≤0.01 → **; p≤0.001 → ***; p≤0.0001 → ****).   

Flowjo was used to analyze the flow cytometry data; GraphPad to perform the statistical analysis 

and graphs; Biorender was employed to generate illustrative images, ImageJ to quantify the results 

of the western blots; ZEN was used to analyze the immunofluorescence images.  

 

 

 

 

 

 

 

 

 

 

 

cells/μL =
𝑪𝒆𝒍𝒍𝒔 𝒄𝒐𝒖𝒏𝒕 

𝑩𝒆𝒂𝒅𝒔 𝒄𝒐𝒖𝒏𝒕
𝒙

𝑻𝒐𝒕𝒂𝒍 𝒃𝒆𝒂𝒅𝒔

𝑺𝒂𝒎𝒑𝒍𝒆 𝒗𝒐𝒍𝒖𝒎𝒆
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4. Results 

4.1 Human bone marrow hematopoietic stem cells expresss at RNA levels the IL17A-

signalling components at the RNA level 

To investigate the human bone marrow hematopoietic stem cell expression of IL17 signalling 

components, we downloaded a publicly available human single-cell RNA sequencing data set 

(330) composed of 31 healthy human donors from 10 to 89 years old with 306 286 cells. Figures 

5A and 5B represent the human bone marrow landscape at a single-cell resolution of the data set 

generated using annotations from DMAP gene signatures (Analysis performed by Mattew 

Salaciak).  

We found expression of IL17RA and IL17RC mRNAs, which are required to form a functional 

IL17A receptor, in clusters belonging mainly to granulocyte-monocyte progenitors, B cell 

progenitors, and HSCs. However, it is interesting that we did not observe the expression of other 

receptors such as IL17RB and IL17RD, which could indicate that the main signalling on bone 

marrow is due to the IL17A and not by the other family members (Figure 5C). 

In order to validate our results, we explored the genetic signature described for IL17 

(REACTOME_INTERLEUKIN_17_SIGNALING (gsea-msigdb.org)) in a map of human bone 

marrow generated by members of Dr. John Dick laboratory, which contains multiple databases 

integrated into one (Figure 5D) (326). Using this approach, we observed that the IL17 signalling 

signature was enriched throughout the map, particularly in the lymphoid, myeloid, and HSC 

clusters (Figure 5E). 

 

 

 

 

 

 

 

 

 

 

https://www.gsea-msigdb.org/gsea/msigdb/cards/REACTOME_INTERLEUKIN_17_SIGNALING.html#:~:text=Human%20Gene%20Set:%20REACTOME_INTERLEUKIN_17_SIGNALING.%20For%20the%20Mouse%20gene%20set%20with
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Figure 5. Human bone marrow hematopoietic stem cells express at RNA levels the IL17A-signalling components. A: 

Heatmap showing the annotation procedure generated from a gene set enrichment analysis using the DMAP signatures 

for the human bone marrow landscape. Here we showed how every cluster corresponds with its gene signature. B: 

Uniform Manifold Approximation and Projection (UMAP) visualization algorithm showing the human bone marrow 

landscape generated after annotations. C: The mRNA of IL17RA and IL17RC, but not IL17RB and IL17RD, were 

found in human bone marrow hematopoietic stem cells. D: A landscape of human bone marrow hematopoiesis 

generated by Dr. Dick laboratory (326). E: IL17-signalling signature expression on human bone marrow landscape.  

 

 

 

 



 

 

 
34 

4.2 The IL17A-signalling components are part of the changes associated with inflammation 

and aging in human bone marrow HSCs 

As previously mentioned, IL17 is a proinflammatory cytokine involved in host defence against 

extracellular pathogens (273). Given the proinflammatory nature of this cytokine and its direct 

relationship with the induction of inflammation, we evaluated the potential relevance of the IL17 

signalling signature (ATF1, ATF2, BTRC, CHUK, CREB1, CUL1, DUSP3, DUSP4, DUSP6, 

DUSP7, ELK1, FBXW11, FOS, IKBKB, IKBKG, IL17A, IL17C, IL17F, IL17RA, IL17RB, 

IL17RC, IL17RE, IL25, IRAK1, IRAK2, JUN, MAP2K1, MAP2K3, MAP2K4, MAP2K6, 

MAP2K7, MAP3K7, MAP3K8, MAPK1, MAPK10, MAPK11, MAPK14, MAPK3, MAPK7, 

MAPK8, MAPK9, MAPKAPK2, MAPKAPK3, MEF2A, MEF2C, NFKB1, NOD1, NOD2, 

PPP2CA, PPP2CB, PPP2R1A, PPP2R1B, PPP2R5D, RIPK2, RPS27A, RPS6KA1, RPS6KA2, 

RPS6KA3, RPS6KA5, SKP1, TAB1, TAB2, TAB3, TNIP2, TRAF6, UBA52, UBB, UBC, 

UBE2N, UBE2V1, VRK3) in normal HSC as well as the HSC subset that retains inflammatory 

memory (Figure 6A).  

In this sense, we observed that IL17RA expression across subsets of human HSCs is enriched 

within myeloid and lymphoid progenitor cells (Figure 6B). This aspect corroborates our previous 

finding, now in a different data set as well. Interestingly, we did not see any visible differences in 

the expression pattern of IL17RA between normal HSC and HSC with inflammatory memory but 

the signature of IL17-signaling appears to be enriched in the HSC compartment that retains 

inflammatory memory (Figure 6C), suggesting a differential ability of HSCs to respond to IL-17 

according to an inflammatory state. 
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Figure 6. IL17-signalling is enriched on the new subset of human hematopoietic stem cells that retain a memory of 

immune activation. A: Human CD34+ compartment of human hematopoietic stem cells. To the left, is the normal 

subset of hematopoietic stem cells. To the right, the hematopoietic stem cell subsets that retain a memory of immune 

activation (331). B: The mRNA of IL17RA was found across the whole compartment, including the subsets of HSC 

with inflammatory memory. C: The IL17A signature is enriched preferentially on HSC subsets that retain a memory 

of immune activation. 

 

Aging is associated with low-grade chronic inflammation and IL17A is increased in the aging bone 

marrow (216,217). We, therefore, explored differences in the enrichment of IL17-signaling 

signatures in the HSC compartment in different age groups. Since IL17A is a part of SASP and 

because this cytokine is increased with age, we stratified the human scRNA sequencing data set 

used to generate the analysis in Figure 1A-C into two age groups, using 50 years old as the cutoff. 

Next, we explored the expression of mRNA of IL17RA across cellular clusters using the same 

approach as in Figure 5C. At first glance, IL17RA mRNA expression using this approach seems 

to be reduced in samples derived from patients older than 50 years, particularly in GMPs and 

HSCs, as well as non-hematopoietic cells such as the T cell compartment (Figure 7A).  

To better visualize differences in IL17RA expression enrichment in the bone marrow 

microenvironment, its expression was plotted in the whole bone marrow microenvironment 

(Figure 7B), as well as in each hematopoietic stem cell cluster and progenitors (Figure 7C), 

according to each decade of life. The results suggest that IL17RA mRNA expression seems to pick 

between 20 and 30 years of age in the bone marrow microenvironment and GMPs and HSCs, 

followed by a decreased trend from 40 to 71 years old. To gain insight into functional differences 

associated with the apparent decrease in IL17RA mRNA expression with age in adults, we 

performed a gene set enrichment analysis in HSCs using differentially expressed genes with age 

(cutoff age 50 years) (Figure 7D). In concordance with our hypothesis, IL17 signalling is 

upregulated on HSCs from donors less than 50 years old. These results suggest that the IL17 

signalling axis is somehow relevant within the bone marrow of young adult humans. However, an 

important point here is the contradiction between the increment in the levels of IL17A associated 

with the age in the bone marrow previously described (228,229), and the downregulation of its 

signalling pathway, which can indicate a loss in the IL17A associated with the age.     
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Figure 7. Age-dependent IL17-signaling in human bone marrow. A: UMAP visualization algorithm showing the 

human bone marrow landscape as well as the IL17RA mRNA expression in human bone marrow in samples from 

donors younger (left) or older (right) than 50 years old. B: Density plots representing IL17RA mRNA expression by 

age brackets as indicated in the x-axis where each dot represents an individual case. C: IL17RA mRNA expression 

within subsets of HSCs and progenitor cells across the age brackets. D: Gene-set enrichment analysis on differentially 

expressed genes on the HSC clusters using 50 years old as the cutoff, showing that IL17 signalling is the fourth most 

upregulated signature.  
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4.3 Mouse HSPCs express the IL17A  receptor, which activates P38 and C/EBPß 

phosphorylation. 

Considering the results obtained during our initial screening of public scRNA sequencing 

databases, we set out to explore the IL17A-signaling axis in the mouse bone marrow. First, we 

assessed if murine HSPCs express components of the IL17A signalling pathway. To this end, 

similar to the approach in our previous approach (Figure 5A-C), we performed a transcriptomic 

analysis in mouse HSPCs clusters using a public mouse scRNA sequencing data set (332), which 

is annotated to validate the genetic signatures available in DMAP for each HSPC population 

(Figure 8A). Mapping the bone marrow landscape in mice revealed mRNA expression of IL17RA, 

IL17RC, and TraF3ip2 (ACT-1) as well as enrichment of the IL17-signaling pathway in the 

HSPCs cluster (Figure 8B).  

Having confirmed that IL17RA, IL17RC, and ACT-1 are expressed at mRNA levels in the murine 

HSPCs cluster, we assessed for expression of the IL17RA in murine bone marrow progenitors 

using different methodologies. We performed western blot analysis in protein extracts from murine 

Lin- bone marrow cells after the elimination of terminally differentiated cells (CD4, CD8, CD3, 

CD11b, CD11c, CD115, F4/80, Gr1, TER119) and red blood as described in material and methods. 

After lineage depletion, cells were incubated in PBS for 30 minutes at 37 degrees in the presence 

or absence of IL17A. The results indicated that IL17RA and IL17RC, are expressed by lineage- 

bone marrow cells (Figure 8C).  

To know if the LSK compartment expresses components of the IL17A receptor, we investigated 

the expression of IL17RA and its molecular adapter ACT-1. Immunofluorescence was performed 

in LSK-sorted cells as described in materials and methods. A representative image of the overlayed 

staining obtained with the two antibodies is shown in Figure 8D and it indicates that IL17RA and 

ACT-1A are expressed in murine LSK. However, because of the absence of an IL17RA, IL17RC, 

and ACT-1 deficient model, the limitation in the number of parameters allowed in microscopy; in 

addition to the fact that the LSK fraction is 0.01% of the bone marrow, we decided to use flow 

cytometry and isotype controls to characterize the IL17RA and IL17RC expression in mouse LSK 

subsets at single-cell resolution. We identified that in 6 murine donors, the mean fluorescence 

intensity of the respective anti-IL17RA or IL17RC antibody was significantly higher than its 

respective isotype control in LSK (Figure 8E, 8G). We then, proceed to evaluate the IL17RA and 

IL17RC in every subset of LSK, showing that LT-HSCs, ST-HSC, MPP2, MPP3, and MPP4 

expressed both IL17RA and IL17RC (Figure 8F, 8H).  Since the murine scRNA sequencing 

database we used was not age-selective, we used the above approach to evaluate IL17A receptor 

A chain expression in mice aged 6-8 weeks and mice older than 1 year.  

Consistent with our differential mRNA expression findings in human HSCs, the results in Figure 

8I indicate that in mice there is a significant reduction of IL17A receptor A chain expression in 

LSKs from older donors, which is most evident in the LT-HSCs fraction. 
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Figure 8. Mouse LSKs express the IL17A receptor. A: The UMAP visualization algorithm shows the mouse bone 

marrow landscape generated after annotations and unsupervised clustering (left). Since this dataset came with its 

annotation, we compared these annotations with the gene signatures from DMAP through a gene set enrichment 

analysis which is visualized through a heatmap (right). B: The mRNA of IL17RA, IL17RC, and Traf3ip2 (ACT-1) 

were found in mouse bone marrow hematopoietic stem and progenitor cells (HSPCs), as well as up-regulation of 
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IL17A-signalling signatures when evaluated by Ucell enrichment analysis. C: Western blot analysis was performed 

in mouse Lin- bone marrow cell fraction, and D: immunofluorescence coupled with confocal microscopy on LSK-

sorted cells. Flow cytometry analysis assessing the expression of (E:) IL17RA and (G:) IL17RC in LSK and LSK 

subsets (F and H). The mean fluorescent intensity was defined using the median and compared the values from the 

primary-labeled antibody vs its isotype control in each case using a two-tailed unpaired t-test with Welch's correction. 

P values lower than 0.05 were considered statistically significant (p≥0.05 → ns; p<0.05 → *; p≤0.01 → **; p≤0.001 

→ ***; p≤0.0001 → ****).   

 

Having detected IL17R expression in LSK at the mRNA and protein levels, we evaluated if LSK 

were able to uptake IL17A during ex vivo supplementation, as a readout of the functional capability 

of the IL17A receptor, as reported in the literature (333). To carry out this experiment, we depleted 

lineage- cells from 4 to 13 young mouse donors. Cells were incubated in PBS at 37 degrees for 60 

minutes in the presence or absence of IL17A as described in materials and methods.   

The analysis shows that under IL17A stimulation, the frequency of progenitors positive for 

IL17RA decreased significantly compared with untreated cells and that almost 96 % of the 

progenitors treated with IL17A could internalize the IL17A (Figure 9A). We were able to validate 

these findings using MFI (Figure 9B). We also found that the decrease in the frequency of 

IL17RA-positive progenitors was due to a decrease in the extracellular IL17RA expression 

(Figure 9B). It is expected that IL17RA is internalized during IL17A supplementation (333) but 

we did not find an increase in the intracellular fraction of IL17RA in the treated cells. This could 

be related to an acceleration in its degradation by the proteasome in response to high concentration 

of the ligand (273,334,335). Under the same experimental design, future experiments could block 

the proteasome with MG132 to evaluate the IL17RA levels to determine if this is related to an 

acceleration in its degradation by the proteasome in response to the high concentration of the ligand 

rather than due to reduced production (288,349,350).  

To gain insight into the signalling pathways activated by IL17A, we used flow cytometry and 

specific phospho antibodies to screen for changes in phosphorylation of downstream targets 

described for IL17 signalling in other cell types and those that were compatible with the IL17-

signalling signature employed in our analysis (FOS (AP.1), IKBKB (IKß), IL17A, IL17RA, 

IL17RC, JUN (C-Jun), MAP2K1 (ERK Activator Kinase 1), MAP2K4 (JNK-Activating 

Kinase), MAP2K7 (C-Jun N-Terminal Kinase Kinase 2), MAP3K7 (TAK1), MAPK1 

(ERK1/2), MAPK10 (C-Jun N-Terminal Kinase 3), MAPK11(P38ß), MAPK14 (P38α), 

MAPK3 (ERK1), MAPK8 (C-Jun N-Terminal Kinase 1), MAPK9 (C-Jun N-Terminal 

Kinase 2), RPS6KA1 (S61), RPS6KA2 (S62), RPS6KA3 (S63), RPS6KA5 (S65), TAB1 

(TAK1-Binding Protein 1), TAB2 (TAK1-Binding Protein 2), TAB3 (TAK1-Binding Protein 

3 ), TRAF6).  

Bone marrow samples collected from 4-5 young mice were stimulated for 30 min in the presence 

or absence of 500ng/ml of rm-IL17A. After 30 minutes of incubation, the cells were washed, fixed, 

and stained. In addition, to understand if the IL17A effect is direct or indirect, we blocked the 
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cytokine secretion by adding monensin (GolgiStop). This reagent blocks the Golgi transporter 

reducing the ability of cells to secrete cytokines (333). 

The results show an increase in phosphorylation of P38, cJNK, IKßα, and ERK1/2 after IL17A 

treatment (Figure 9C: bars black and red). However, the effect of IL17A on P38, cJNK, IKßα, 

and ERK1/2 phosphorylation may be direct through IL17RA activation or indirect through IL17A-

mediated secretion of other cytokines on terminally differentiated cells.  

Interestingly, in the presence of monensin, IL17A failed to affect significantly ERK1/2 and Ikßα 

(Figure 9C bars green and blue), suggesting that these intracellular signalling pathways are 

secondary to the secretion of other cytokines, whereas P38 and cJNK are direct effects.  

To gain insight into the signalling pathways activated by IL17A in bone marrow progenitors and 

how the terminal differentiated cells could affect the phosphorylation patterns on progenitors in 

response to IL17A supplementation, we depleted all the terminally differentiated cells as well as 

erythrocytes as commented before. A representative quality control assay of Lineage- purity is 

shown in Figure 9D where only 1.6% of immunocompetent cells are detected (Figure 9D). These 

cells were treated with vehicle or 500ng/ml IL17A for 30 minutes followed by western blot 

analysis. Representative results of 3 independent experiments in Figure 9E, in which we observed 

significant increases in the phosphorylated forms of P38 and C/EBPß-LAP. Interestingly, these 

results were consistent with the flow experiments in which no increase in ERK1/2 and IKßα 

phosphorylation was observed. Importantly, TARF6 which is part of the IL17A signaling pathway, 

as it binds to ACT-1 to form the complex that activates the downstream pathways, also showed a 

significant increase. These results suggest that IL17A in mouse progenitors (Figure 9F) might 

affect myeloid differentiation. 
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Figure 9. IL17A supplementation increases the proliferation of LSK through the phosphorylation of P38/cJN. A: A 

representative experiment of flow cytometry analysis representing the changes in the percentage of cells positives for 

IL17A (bar graph 1) and for IL17RA (bar graph 2) in response to IL17A ex vivo stimulation (500 ng/ml). B: MFI 

(median) of IL17A, IL17RA_extracellular fraction, and IL17RA_intracelular fraction normalized by fold change 

relative to the control. Each dot represents one donor sample. C: The graphs represent changes in the phosphorylation 

of P38, cJNK, ERK1/2, and IKßα as indicated obtained by flow cytometry after 30 minutes of incubation with or 

without 500ng of IL17A total bone marrow cells, without GolgiStop (bars black and red) and with GolgiStop (bars 

green and blue). D: Quality control of the Lin- fraction depletion process done by magnetic isolation and evaluated by 

flow cytometry. E: Changes in the phosphorylation status of ERK1/2, P38, C/EBPß-LAP, IKßα and P65 and 

expression levels of TRAF6 were analyzed by western blot analysis after ex vivo stimulation without IL17A (black) 

or with 500ng/ml of IL17A (red) for 30 minutes. Equal loading was assessed by reproving with an anti-vinculin 

antibody. F: Our proposed model of the IL17A signalling pathway in mouse HSPCs. The mean fluorescent intensity 

was defined using the median and compared using a two-tailed unpaired t-test with Welch's correction. P values lower 

than 0.05 were considered statistically significant (p≥0.05 → ns; p<0.05 → *; p≤0.01 → **; p≤0.001 → ***; p≤0.0001 

→ ****).   
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4.4 IL17A ex vivo supplementation increases expansion of MPP3- and MPP4-like cells and 

promotes monocytic differentiation affecting hematopoietic repopulation in vivo 

Since IL17A seems to promote C/EBPß phosphorylation on HSPCs, and this transcription factor 

is associated with monocytic differentiation, we evaluated the effects of IL17A on proliferation, a 

common effect of cytokines promoting myeloid differentiation (157). To this end, we sorted LSK 

cells in a serum-free medium with a cocktail of cytokines that promote different myeloid 

phenotypes (157) to explore which lineage will be affected during ex vivo IL17A supplementation. 

After incubation for 4-8 days, we performed flow cytometry analysis using the markers that 

characterize each subset of LSK (Figure 10A-B).  

First, we observed an increase in the frequency of LSK in response to different doses of IL17A 

(Figure 10C). In contrast, more differentiated progenitors such as the MEP and GMP fractions 

showed a significant decrease, more evident in the MEP fraction (Figure 10C).  

Next, we tested the total number of cells within the well and found a significant increase in the 

total cell number after 4 days of incubation in the presence of IL17A, but this effect was not 

maintained over time (Figure 10D). We confirm that this increase at day 4 was due to an increase 

in proliferation as evaluated by EdU incorporation (Figure 10E). 

Taking these results into consideration, we hypothesized that the increases in the LSK was due to 

an increase in some specific subsets (Figure 10F). To identify which subsets of LSK were 

increasing under IL17A ex vivo stimulation, we repeated the experimental procedure evaluating 

this time the absolute number of cells. Here we corroborate the expansion effect on LSK in both 

time points (4 and 8 days), and this expansion was accompanied by an increase in the absolute 

numbers of MPP3 and MPP4-like cells. Then, we evaluated if this expansion in MPP3 and MPP4-

like cells could be obtained by sorting MPP3 and MPP4, to investigate if this effect was related to 

an expansion associated with these specific phenotypes or for differentiation of other LSK subsets 

such as LT-HSC into MPP3 and MPP4 like cells. We found that whether MPP3 or MPP4 cultured 

independently in the presence of IL17A can proliferate and increase the total number of cells 

(Figure 10H-I). Nevertheless, a maturation effect was observed in these cells when we looked for 

Lin-/cKit+/Sca1-/CD34-/CD16/32+ fraction (Figure 10J).  
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Figure 10. IL17A supplementation expands MPP3- and MPP4 like cells in vitro. A: Experiment design for mouse 

LSK and LKS subsets isolation and liquid culture analysis. B: Established surface markers utilized to define LSK and 

LSK subsets C: Mouse LSK sorted in liquid culture (StemPro, SCF, FLT3L, TPO, EPO, IL11, IL3, IL6, GM-CSF) 

analyzed on day 4th of culture showed an increase in the frequency of LSK in response to IL17A (left) and reduction 

in MEP and GMP (right). D: LSK sorted cell cultures for 4 and 8 days in the absence (vehicle control) or presence of 

25 mg/ml IL17A, the changes in the relative number of total live cells were assessed by flow cytometry. E: As 

described in materials and methods, the EdU incorporation assay by LSK cells was performed on day 4 after vehicle 

(control) or 100ng IL17A treatment. F: Schematic representation of the hierarchical organization of LSK subsets. G: 

Kinetic-growing analysis on LSK-sorted cells in response to IL17A (25ng/ml). After sorting LSK, the LSK fraction 

and the LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 fractions were evaluated using flow cytometry, and the absolute 

numbers were compared. H: The kinetic of the myeloid maturation (Lin-/Sca1-/cKit+/CD34-/CD16/32+) was 

assessed on sorted LSK cells. I: MPP3 and J: MPP4 were isolated from mouse bone marrow using the same procedure 

as sections A and B, then were cultured over 8 days in the absence (control) or presence of 25ng/ml IL17A. MPP3 

and MPP4 were sorted, cultured, and evaluated independently; total live cells were scored using flow cytometry. Fold 

change relative to the control and absolute numbers were compared using a two-tailed unpaired t-test with Welch's 

correction. P values lower than 0.05 were considered statistically significant (p≥0.05 → ns; p<0.05 → *; p≤0.01 → 

**; p≤0.001 → ***; p≤0.0001 → ****).   

 

Because IL17A seems to bias hematopoiesis towards myeloid maturation, we assessed for changes 

in the frequency of myeloid cells (CD11b+/CD45+) after  4 days of treatment with 25 or 100 ng/ml 

IL17A to control. The results indicated that IL17A treated-LSK cells differentiated into myeloid 

cells since the treatment resulted in a significant increase in the  CD45+/CD11b+ fraction (Figure 

11A, top). Additionally, we identified that monocytes were the main subset of myeloid cells 

affected by IL17A (Figure 11A, left). A differentiation-kinetic analysis shows the persistence of 

this trend on day 8 of culture comparing absolute cell numbers (Figure 11B). Then, to investigate 

whether this monocytic differentiation effect is exclusive of LSk as a stem cell compartment or is 

visible also in each LSK subset, we sorted  LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 and kept 

them in culture under the same experimental condition until day 8. The results showed that IL127A 

ex vivo stimulation promotes monocytic differentiation in LSK and LSK subsets (Figure 11B and 

C). An additional validation was performed using LSK cultured in the same condition (StemPro, 

SCF, FLT3L, TPO, EPO, IL11, IL3, IL6, GM-CSF), but without GM-CSF to assess if the 

monocytic differentiation effect observed under IL17A treatment, could be related to a synergistic 

effect between IL17A and GM-CSF since GM-CSF is the major monocytic/granulocytic 

differentiator cytokine (336). Here, we show the myeloid maturation and monocytic differentiation 

potentials of LSK under IL17A treatment in the absence of GM-SCF (Figure 11D).  

Having established the role of IL17A on myeloid/monocytic differentiation ex vivo, the relevance 

of this effect was assessed in vivo. To this end, we isolated  LSK from pure C57/BL6 mice 

(CD45.2) using cell sorting; then we seeded 2,000 LSK per well in a 24-well plate with the same 

media and cytokine cocktail (StemPro, SCF, FLT3L, TPO, EPO, IL11, IL3, IL6, GM-CSF) and 

we cultured the cells for 4 days in the absence or presence of IL17A (100ng/ml IL17A) After ex 

vivo incubation, the cells were then transplanted into lethally irradiated C57BL6 hybrid 

(CD45.1/2) mice. At the same time, “rescue” bone marrow from C57BL6-STEM (CD45.1) donor 
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mice was co-transplanted to support the viability of the recipient mice while ensuring the 

discrimination of hematopoietic cells from the two donor mice (Figure 11E). Two independent 

experiments showed a significant decrease in the fraction of total blood cells one month after 

transplantation in mice that received IL17A-treated cells to mice that received non-IL17A 

stimulated cells (Figure 11F). This result together with the in vitro IL7A results, suggests that ex 

vivo IL17A-driven differentiation of LSK and LSK subsets depletes progenitor cell subpopulations 

debilitating hematopoietic repopulation in transplanted mice. 
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Figure 11. IL17A ex vivo supplementation promotes monocytic differentiation on LSK maintained in liquid culture. 

A: Mouse LSK sorted in liquid culture (StemPro, SCF, FLT3L, TPO, EPO, IL11, IL3, IL6, GM-CSF) analyzed by 

flow cytometry on day 4th of culture. CD45+/CD11b+ myeloid compartment (top) and monocyte and granulocyte 

subsets (button). B: Kinetic-differentiation analysis on mouse LSK-sorted cells in response to IL17A (25ng/ml) 

evaluated on days 4 and 8. C: LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 sorted cells into the same media recipe 

and cultured for 8 days in the presence or absence of IL17A. Monocytic analysis by flow cytometry was performed.  
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D: Mouse LSK was sorted and cultured for 8 days using the same recipe except GM-CSF. Flow cytometry analysis 

was performed. E: Ex vivo treatment of mouse LSK-sorted cells in the presence or absence of IL17A for 4 days, then 

transplanted into lethally irradiated hybrid CD45.1/2 mice. F: After 1 month of transplant, the frequency of mature 

(blood) CD45.2 cells derived from the LSK ex vivo treated either with control or IL17A, were compared (of total 

IL17A treated LSK CD45.2 vs control treated LSK CD45.2). Fold change relative to the control and absolute numbers 

were compared using a two-tailed unpaired t-test with Welch's correction. P values lower than 0.05 were considered 

statistically significant (p≥0.05 → ns; p<0.05 → *; p≤0.01 → **; p≤0.001 → ***; p≤0.0001 → ****).   

 

To continue validating the role of IL17A on hematopoiesis, we utilized a well-established, 

commercially available myeloid colony formation assay from Stem Cell Technologies 

(MethoCult™ M3434 Methylcellulose-Based Medium (Mouse) | STEMCELL Technologies) that 

enables the identification of colony-forming units derived from each myeloid population as 

described in Figure 12A. This semisolid media provides a good platform to validate our finding 

that IL17A itself can promote monocytic differentiation.  

 

Isolated mouse LSK cells (Figure 12B) were seeded at 100 LSK/1.5 ml density in a  6 well plates 

M3434 medium (FBS, IL6, IL3, and Epo) and maintained in culture for 10 days in the presence or 

absence of 100ng/ml of IL17A. Analysis of the results of this experiment shows that IL17A 

significantly enhances the clonogenic capacity of monocytic colony-forming units while seeming 

to not affect granulocyte colony-forming units (Figure 12C), suggesting a monocytic biased output 

within the progenitors corroborating our previous results.   

 

Next, we designed a sequential experiment incorporating our liquid culture platform and the 

colony formation assay (M3434) to provide more evidence for the effect of IL17A alone on LSK 

differentiation (Figure 12D). Briefly, 500 LSK isolated cells were plated in serum-free media 

supplemented only with SCF in the presence or absence of 100ng/ml of IL17A and maintained in 

culture for 24 hours. Following 24 hours of incubation, cells were washed and plated in fresh 

M3434 for 10 days without IL17A supplementation. Results indicate a significant increase in the 

clonogenic capacity of monocyte colony-forming units with a significant reduction in granulocytic 

colony formation (Figure 12E), suggesting that IL17A alone can bias LSK differentiation under 

these experimental conditions. Subsequently, cells from individual wells were mechanically 

dissociated, washed, and stained for flow cytometry analysis. The results in Figure 12F show an 

increase in the expression of F4/80 which is a pan-macrophage marker, suggesting a monocyte-

macrophage maturation. 

 

On the other hand, because our initial screening showed a significantly lower expression of 

IL17RA in the LT-HSC subpopulation depending on the age (Figure 8I), we explored whether 

this differential expression could be biologically relevant. Thus, we compared the ability of LT-

HSCs from young donor mice (6-8 weeks old) or aging mice (> 1 year old) to form myeloid 

colonies after stimulation or not wiht 100ng/ml of IL17A.  

https://www.stemcell.com/products/methocult-gf-m3434.html#:~:text=Methylcellulose-based%20medium%20with%20recombinant%20cytokines%20(including%20EPO)%20for%20mouse%20cells.
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The results show a decreased capacity of LT-HSCs from older mice donors to respond to IL17A, 

with decreased formation of monocytic, granulocytic, and multipotent colonies when compared to 

young donors (Figure 12G). These results highlight the possible relevance of IL17A during 

hematopoietic aging during different experimental conditions. However, future experiments 

should be performed to understand this role.    

 

 

Figure 12. IL17A ex vivo supplementation promotes monocytic colony-forming units on LSK-sorted cells. A: 

Hematopoietic tree, phenotypic characterization by flow cytometry and colony formation assay (modified from Stem 

Cell Technologies). B: Single-cell colony-forming assay design (cell sorting performed at single-cell purity). C: 

Single-cell colony-forming assay performed in M3434 with mouse LSK-sorted cells in the presence or absence of 
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100ng/ml of IL17A. D: LSK sorted at single-cell purity on liquid culture serum-free media supplemented with stem 

cell factor in the presence or absence of 100ng/ml of IL17A. After 24 hours of incubation cells were washed and 

transplanted into M3434 IL17A-free. E: Colony scored after 10 days in culture. F: The content of each well was 

collected and washed after scoring the number of colonies, and then the cells were stained and analyzed by flow 

cytometry. G: Comparative study through single-cell colony-forming assay, between LSK obtained from young (6 – 

8 weeks ) and aged mice (more than 1 year). Each value represented was obtained after normalizing each treatment 

with its respective control in young and old (fold change). Fold change relative to the control and absolute numbers 

were compared using a two-tailed unpaired t-test with Welch's correction. P values lower than 0.05 were considered 

statistically significant (p≥0.05 → ns; p<0.05 → *; p≤0.01 → **; p≤0.001 → ***; p≤0.0001 → ****).      

 

4.5 In mice, IL17A is produced by immune cells within the bone marrow 

Finally, we questioned the possible origin of IL17A in bone marrow. We hypothesized that IL17A 

could be produced in the bone marrow by immune cells. We collected bone marrow from 10 mice 

between 6 and 8 weeks. After removing the red blood cells (Figure 13A), we characterized by 

flow cytometry the presence of immune cell populations as schematically shown in Figure 13B. 

Among the immune populations identified in the bone marrow, a small fraction of cells expressed 

the RORyt transcription factor, including Th17 and ILC3_NCR+ (Figure 13C) and a larger 

fraction of immune cells did not express RORyt, such as macrophages, neutrophils, and B cells 

 

Considering these differences and the fact that RORyt populations have been linked to IL17A 

production, including NK, CD8, and B cells, we investigated the ability of these populations to 

produce IL17A when activated. To this end, we repeated the procedure depicted in Figure 13A, 

where bone marrow samples were split into equivalent aliquots treated with vehicle or stimulated 

with ionomycin + phorbol, respectively.  To ensure the possibility of observing IL17A inside the 

cells, we blocked both sample fractions with monensin, a Golgi complex transport blocker (Figure 

13D). Interestingly, all immune cells identified in our screening were able to produce IL17A 

(Figure 13E) when stimulated, in agreement with published findings (291,292,337).  

 

The novelty of our results is that they suggest the ability of bone marrow B cells and myeloid cells 

to produce IL17A in the same compartment as susceptible LSK expressing the IL17RA. 

Additionally, our work indicates that within the bone marrow, there are ILC3_NCR+ capable of 

producing IL17A. Interestingly, these cells are the innate version of the Th17 (338). Since these 

cells are produced in the bone marrow and because they do not need training in the thymus (338), 

the IL17A axis could be controlled by these cells under physiological conditions but during 

immune stress, the axis seems to be activated by all the cells with immune capacity. However, 

future experiments must be performed to understand the contribution of each one of those cells to 

IL17A signalling during physiological conditions.   

 

To strengthen our hypothesis that IL17A is a component of the bone marrow microenvironment 

we harvested peripheral blood and bone marrow plasma from young mice (Figure 13F) and 
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compared IL17A levels by ELISA.  The results of the ELISA in 23 young mice donors showed 

that the mean levels of IL17A in bone marrow plasma were almost twice the mean levels of IL17A 

in the blood (Figure 13G).  

 

Suggesting that, at least in the absence of immune activation, the bone marrow is a significant 

source of IL17A in the hematopoietic system. Furthermore, we also investigated if the levels of 

IL17A within the bone marrow could change with age. For that, we compared IL17A levels in the 

bone marrow plasma in aged mice (>1 year of age) and young mice (between 6-8 weeks old) 

utilizing the same approach. We found that IL17A levels in the bone marrow of elderly mice were 

significantly higher than young mice (Figure 13H), in line with previous reports (228,229). 

Further studies will be required to find if there is a causal connection between the reduction in the 

expression of IL17RA in LT-HSCs, the increases in the levels of IL17A within the bone marrow 

microenvironment, and the poor response of LSK to IL17A ex vivo. 
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Figure 13. IL17A is present in the bone marrow microenvironment and is produced by cells of the immune 

system. A: Experiment design to map the immune landscape of mone marrow. B: Definition of each population based 

on relevant markers. C: Frequency of each immune cell population identified in the mouse bone marrow samples. D: 

Ex vivo stimulation experiment design on mouse total bone marrow cells and E: its results. F: Experimental protocol 

for blood and bone marrow plasma collection to perform an ELISA and G: its results. H: Levels of IL17A in young 
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and old mice after ELISA quantification.  Fold change relative to the control and absolute numbers were compared 

using a two-tailed unpaired t-test with Welch's correction. P values lower than 0.05 were considered statistically 

significant (p≥0.05 → ns; p<0.05 → *; p≤0.01 → **; p≤0.001 → ***; p≤0.0001 → ****).      
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5. Discussion 

Hematopoiesis is highly sensitive to changes occurring not only in the bone marrow 

microenvironment but also in the entire body. Under basal or homeostatic conditions, the pool of 

HSC with self-renewal capacity mainly remains quiescent. However, during inflammatory events, 

there is a behavioural shift toward differentiation and the production of lineage-biased progenitors 

(354) in response to cytokines which exert an effect on the HSC fraction, effectively altering its 

transcriptional program and redirecting the cells toward a new destiny, including toward neutrophil 

and monocyte-macrophage lineage commitment (43,354). This is vital in immune defence since 

these cells are the first to invade infectious sites (355,356). 

However, many factors affect the proper functioning of the hematopoietic system, among which 

inflammation (357,358) and aging (231,359) stand out. Both inflammation and aging of the 

hematopoietic system are associated with a decline in hematopoietic function and an increased 

predisposition to cancer (231,354,355,359). The hematopoietic system responds to inflammation 

with an increase in the production of immune cells, myeloid and monocytic cells in particular??, 

at the expense of self-renewal within the bone marrow (354). During aging, there is a marked 

myeloid-biased output that sacrifices the lymphoid component (199,360). Among other factors, 

cytokines are important mediators of these phenotypes (357,358), with variation in cytokines being 

observed during aging and inflammation (49,50). 

 Given the relevance of myeloid phenotypes in aging (231), inflammation (356), and also cancer 

(231,355,360), cytokines that have a myelopoietic effect are of special interest. Cytokines with 

classic myeloid potential, such as GM-CSF (361,362) or not so-classic potential, such as IL1 (354) 

or IL4, (355) and their signalling axes both within and outside the bone marrow microenvironment 

have been associated with tumour progression in the context of inflammation and cancer 

(354,355,361,362). GM-CSF, IL1 and IL4 mediate colon and lung tumour progression through the 

generation of myeloid phenotypes with tolerogenic capacities within the bone marrow (231,355). 

Additionally, in aging and inflammation, the levels of these cytokines remain elevated, prolonging 

their hematopoietic effect and increasing tumour progression (231). 

IL17A is a proinflammatory cytokine, which has a marked role in inflammatory and autoimmune 

diseases (258-260,363). Additionally, IL17A has been assigned a granulopoetic role mainly in 

bone marrow-derived progenitors (175,318,321). However, IL17A has been identified as a 

neutrophil recruiter during inflammation (364,365) and within the tumour microenvironment 

(366). In these cases, IL17A is secreted by immune cells such as Th17 (260,363), stimulating 

microenvironmental cells such as stromal cells (321) to produce IL6 (363), IL1ß (327), GM-CSF 

(331), and IL8 (367), the latter being involved in the recruitment of neutrophils (364-366). Despite 

these elements, little or nothing is known about which populations of bone marrow-derived 

progenitors respond best to IL17A and what its effect is on these target cells. 
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Our transcriptomic expression analysis in public scRNA sequencing databases revealed the 

expression of the transcripts of both IL17A receptor chains in both HSCs and in more lineage-

committed progenitors such as GMP in humans and mice. However, computational analyses based 

on RNA, although an important tool research tool, do not necessarily provide solid evidence. This 

is mainly due to factors associated not only with the extraction (low cell viability, improper cell 

numbers, loss of material, etc) and processing technique (data standardization, arbitrary 

methodologies, low RNA input, amplification bias, batch effect, etc) but rather with biological 

characteristics such as the affinity of the RNAs for the transcriptional machinery which mean that 

the amount of RNA expression not necessary means high translation into a functional protein. 

Therefore, to validate our sc-RNA seq findings, we performed a series of experiments that 

examined RNA-protein-downstream pathway functions. 

We first examined IL17RA and IL17RC expression using immunoblotting techniques. We show 

that Il17RA and IL17RC had a similar expression on bone marrow progenitors than vinculin. 

However, one of the main weaknesses of our strategy and results was the absence of a knockout 

animal model or cell line for the proteins of interest. Therefore, we normalized the proteins of 

interest, IL17RA and IL17RC, to values of a well-characterized endogenous protein, vinculin 

(368), showing similar levels of expression. We also employed indirect immunofluorescence 

coupled with confocal microscopy to identify cellular subsets containing the IL17 receptor. In this 

case, we used an antibody from clones different from those used in the western blot, which could 

recognize the protein of interest in its natural state and conformation. We observed the 

coexpression of both IL17RA and its intracellular adaptor ACT-1 using this technique. Without 

the KO model, we cannot be sure that the staining is recognizing only the protein. A KO model 

could help to distinguish if the signal is affected by unspecific bindings.  

Most convincingly, our flow cytometry results using the specific antibody for IL17RA and RC and 

its respective isotype control, we were able to corroborate that all the subpopulations that make up 

the LSK compartment (Lin-/cKit+/Sca1+) express both IL17RA and IL17RC. This expression is 

functional, given the capacity of these populations to internalize the receptor and incorporate the 

ligand into the intracellular space during ex vivo IL17A supplementation, which we demonstrated 

by ex vivo IL17A supplementation experiments on bone marrow progenitors. This is consistent 

with published reports of the function of this receptor (369). This internalization of IL17A ex vivo 

activated downstream pathways such as P38 and C/EBPß phosphorylation. While it is known that 

IL17A employs the TAK1/P38 signalling axis in non-bone marrow HSC, our results are novel in 

their characterization of these signalling pathways employed by IL17A in bone marrow-derived 

hematopoietic progenitors, specifically the TAK1 and C/EBP-ß pathways. 

Because P38/cJNK activation is associated with cell proliferation via mTOR (339) and C/EBPß is 

a transcription factor involved in proliferation and myeloid differentiation, specifically monocytes 

and macrophages (340), our functional studies focused on these two aspects. 
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When the IL-17A receptor is stimulated by its ligand, a conformational change in the intracellular 

domains is triggered, exposing the SEFIR domain, which rapidly recruits ACT-1 and TRAF6 

(341). The formation of this signalosome complex can activate several downstream signalling 

pathways such as ERK, P38/cJNK and IKßα (273,334,342-344). Once the complex is activated, it 

is unknown how the cell determines which signalling pathway to use; however, it is known that 

only one of these pathways is activated, that is, not two at the same time (273,334,342-344).  

The TRAF6/ACT-1 complex activates TAK1 (transforming growth factor-β (TGF-β)-activated 

kinase 1), which is a member of the mitogen-activated protein kinase (MAPK) kinase (MAP3K) 

family, is one of the upstream activators of P38 and cJNK (345-347). Our results agree with these 

elements, demonstrating the selective activation of the signalling pathway involving P38/cJNK as 

well as the downstream transcription factor activated by them, C/EBPß (347).  

Although we demonstrated the selective activation of this pathway (no activation of ERK, IKßα 

or their downstream transcription factors such as P65), we cannot conclude with total certainty 

that the activation of C/EBPß is exclusively due to the activation of P38 and cJNK. For this, the 

use of a selective blocker of the pathway involving TAK1-P38/cJNK would have been necessary. 

With our current results, we cannot answer whether P38/cJNK increases its total protein levels, 

and translocates into the nucleus to promote inflammatory gene expression, as has been previously 

reported (348,349) and completes the function of a complementary transcription factor to C/EBPß. 

Another important question that remains unanswered is the role of C/EBPß. It is known that 

C/EBPß (350) works with C/EBPα (350,351) and or PU.1 (350,352). The relationship between 

them determines the final phenotype, which could explain the different myeloid phenotypes 

attributed to the differentiating potential of IL17A (352,353). 

The myeloid compartment encompasses the granulocytic fraction (neutrophils, eosinophils, and 

basophils), the monocytic fraction (macrophages and dendritic cells), and mast cells (354). This 

compartment is extensively studied from both hematological and immunological perspectives, 

with a particular emphasis on neutrophils and monocytes as key lineage representatives. Various 

transcription factors and signalling pathways play crucial roles in determining lineage decisions 

between these two cell types. Myeloid lineage specification is predominantly regulated by the 

C/EBP family and PU.1 transcription factors (355,356). In murine models, elevated levels of PU.1 

initially dictate the commitment between lymphoid and myeloid lineages (357,358). Subsequently, 

C/EBPα, expressed in immature myeloid cells (359), is critical for the transition from common 

myeloid progenitors (CMP) to granulocyte-monocyte progenitors (GMP) (360). Within 

myeloblasts, PU.1 and C/EBPα exhibit reciprocal expression inhibition, with a higher C/EBPα to 

PU.1 ratio favouring granulopoiesis over monopoiesis (361,362). C/EBPα further directs 

neutrophil differentiation by activating the transcription factor GFI1 (363), whereas PU.1 activates 

IRF8 (364), KLF4 (365), and EGR2 (362) to facilitate monocytic differentiation.  
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C/EBPβ was first identified in 1990 as a basic leucine zipper (bZIP) transcription factor that binds 

to the interleukin 1 (IL-1)-responsive element within the IL-6 promoter, initially referred to as the 

nuclear factor for IL-6 (NF-IL6) (366). This factor is characterized by significant C-terminal 

homology with C/EBPα (366). The translation of CEBPB mRNA yields three distinct C/EBPβ 

isoforms: liver-enriched activating protein (LAP or C/EBPβ2) and liver-enriched inhibitory 

protein (LIP or C/EBPβ3) (367). 

C/EBPβ isoforms are critical in the development of monocytic lineage cells (368,369), 

significantly influencing the regulation of hematopoiesis (370). Specifically, the liver-activated 

protein (LAP) isoforms of C/EBPβ have been demonstrated to inhibit cellular proliferation while 

regulating genes associated with differentiation (371-373). In murine bone marrow-derived 

progenitors, the absence of C/EBPβ markedly diminishes myelopoiesis (374). Conversely, the loss 

of C/EBPβ in lineage-committed cells leads to a proliferative state without impairing macrophage 

functionality (375,376). Before differentiation, monocytic progenitor cells upregulate the 

expression of C/EBPβ LAP (371), which is also reflected in an increasing LAP/LIP ratio (377). 

As a transcription factor, C/EBPβ regulates several genes, including CD14 (371), macrophage-2 

antigen (Mac-2) (372), Fcγ receptor II (FcγRII) (372), and monocyte-specific esterase (373).  

C/EBPβ supports the expression of other genes such as MD-2 (378) and chitotriosidase (CHIT1) 

(379) by acting as a cofactor for the transcription factor PU.1 (378,379), thereby enhancing its 

transcriptional capacity. Moreover, the transcription of chicken MER1-repeat-containing 

imprinted transcript 1 (mim-1), which is positively regulated by C/EBPβ-LAP (380), enhances c-

Myb-dependent transcription (381) by inducing chromatin opening, likely through the recruitment 

of histone acetylating cofactors from the p300/CBP family and or the SWI/SNF chromatin 

remodelling complex (382,383). The presence of C/EBPβ-LAP, along with the activation of its 

maturation-associated target genes, is associated with reduced cellular proliferation (384), 

morphological changes (377,384), and an enhanced antimicrobial capacity (377). Our data is in 

line with these facts, showing the increment of C/EBPß-LAP and monocytic differentiation 

potential discussed further below. 

We found that culturing LSK with IL17A increased the total cell number as well as EdU 

incorporation when compared to LSK in the absence of IL17A. We concluded that, under these 

experimental conditions, IL17A accelerated the proliferation of LSK-sorted cells on day four of 

culture. This was supported by the increase in the activation of P38 and C/EBPß (370,371). To 

clearly demonstrate that IL17A stimulation results in the activation of P38, an experiment in 

which, the P38 signalling pathway is blocked and the total amount of P38 is quantified, are needed. 

Despite this, when the different cell populations obtained in response to IL17A were characterized 

at the marker level using flow cytometry, we observed that after sorting LSK and maintaining them 

in culture for 4 and 8 days, the fraction of progenitors experienced an increase, specifically the 

populations that phenotypically look like myeloid-biased progenitors and lymphoid-biased 
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progenitors. This finding was interesting and novel since proinflammatory cytokines with a 

myeloid effect do not usually expand MPPs (385,386).  

Unfortunately, these results do not allow us to categorize MPP3 and MPP4 as true progenitors. 

The expression of surface markers is not sufficient to classify these populations when they are 

cultured in vitro. In this case, functional analysis exploring their potential to generate multiple 

differentiated phenotypes as well as their genetic signature is the gold standard for the functional 

characterization of these progenitors (41,43,45,46). 

The MPP3 and MPP4 cells not only undergo an expansion but also a reprogramming that redirects 

their phenotype towards a monocytic potential, based on our flow cytometry results. Although we 

do not have transcriptomic analyses that allow us to identify a transcriptional change in these cells, 

our phenotypic analysis showed their monocytic potential when cultured in vitro using different 

media formulations, including the absence of GM-CSF with its well-established monocytic 

differentiation potential (50). Furthermore, when these cells were cultured in the presence of 

IL17A for four days in vitro and then transplanted into lethally irradiated mice, the cells that 

received treatment with IL17A experienced a decline in total reconstitution compared to untreated 

cells. That is, cells previously treated with IL17A for four days after one month of transplantation 

were significantly less successful in repopulating bone marrow. We interpreted this phenomenon 

as a loss of HSC/self-renewal function and increased reprogramming presumably towards a 

monocyte lineage commitment. Other authors have reported that during inflammation or exposure 

of progenitors to proinflammatory cytokines with a myeloid differentiation effect such as IL1ß 

(354,357) and IL4 (355) progenitor cells lose their self-renewal capacity as well as their 

pluripotency to facilitate the generation of the phenotypes indicated by the mediators they are 

signalling (354,357), in line with our findings.  

We observed a maturation phenomenon characterized by monocytic differentiation in vitro in 

response to IL17A exposure and a defect in the repopulation of the bone marrow by the treated 

cells in vivo supporting lineage commitment. However, an in vivo differentiation experiment is 

essential to quantitatively evaluate the final phenotype of these monocytic cells obtained after 4 

and 8 days of culture in the presence of IL17A (415).  

Another important aspect to consider is that MAPK P38 is a new DNA damage response linked to 

senescence and the activation of the SASP pattern (239), which includes IL17A (416). Considering 

our results and the finding that IL17A induces senescence in other cell types (416), we speculate 

that IL17A could induce senescence in HSCs through P38 activation. This hypothesis could be 

supported as well by the lack of engraftment capacity of LSK treated with IL17A during ex vivo 

supplementation. However, further experiments should be conducted in this direction, including 

those aimed at evaluating senescence markers such as P53 (417), the effect on DNA damage 

response (214,418,419), and telomere shortening (420) in LSK under IL17A treatment in vitro or 

evaluating these parameters in vivo using an IL17A-KO model. 
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We show that IL17A affects hematopoietic cells by committing them to a monocytic phenotype 

and impairing their self-renewal capacity. We were also interested in knowing the levels of IL17A 

in the bone marrow and the cells that produce it in both basal conditions and conditions of stress, 

as well as the origin of IL17A in the marrow. We found that IL17A is present in bone marrow at 

levels higher than those in blood, suggesting a local production in bone marrow. We also showed 

that a variety of cells in bone marrow is capable of producing IL17A during ex vivo stimulation in 

contrast to the basal state when only 0.6% of cells seem to express IL17A. However, we do not 

have experiments to evaluate the kinetics of IL17A secretion under basal conditions in the bone 

marrow microenvironment nor the cells responsible for maintaining the signal under these basal 

conditions.  

In the context of B-ALL, the Th17 population in bone marrow increases due to the increased 

expression of CXCL16, which is a Th17 recruiting factor (334,335). During aging there is also an 

increase in factors that promote Th17 maturation such as IL1, IL6 and TGF-ß which are key 

regulators of hematopoietic aging (421), as well as CXCL16 (243). Our quantification of IL17A 

showed that aged mice had higher levels of IL17A in the bone marrow compared to young mice, 

as well as a decrease in IL17RA expression by progenitors, which could be associated with a hyper 

signalling phenomenon as has been reported for this cytokine (243,244). 

Our computational results showed that the IL17 signalling pathway is relevant during 

inflammation and undergoes certain age-related changes. This is not surprising considering that 

IL17A is a proinflammatory cytokine (258-260,363) and that aging is considered from an 

immunological point of view as a chronic low-grade inflammatory disease (422). Our results do 

not answer primordial? questions regarding the role of IL17A in hematopoiesis, including 1) What 

is the cause and effect of the downregulation of the IL17A signalling pathway associated with the 

age and the increments in its levels in blood and bone marrow? 2) Is the IL17A signalling pathway 

in HSC necessary for normal hematopoiesis or only pertinent during inflammation? 3) Which 

progenitors require IL17A to complete their maturation, and which are increased by its absence? 

4) What changes occur in the bone marrow microenvironment that affect IL17A levels and what 

impact does this have on hematopoietic output? 

The success of monoclonal therapies approved for use in humans as a treatment for autoimmune 

diseases such as psoriasis and IBD? may extend beyond the inhibitory effect on IL17A at the tissue 

level and may impact on hematopoiesis. The data generated from our experiments begins to 

elucidate the role of IL17A signalling in the bone marrow compartment and the effects of 

inflammation and aging on this pathway within the marrow space (423). 
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6. Conclusions 

Overall, our results suggest that IL17A is produced in the bone marrow microenvironment by non-

hematopoietic cells, primarily by ILC type 3, B cells and myeloid cells. 

Once IL17A binds to its receptor expressed on LSK, it leads to downstream activation of P38-

cJNK and C/EBPß (Figure 14A). Additionally, in myeloid differentiation conditions, IL17A ex 

vivo supplementation signals LSK progenitors expanding MPP3- and MPP4-like progenitors and 

reprograming them to monocyte-biased output (Figure 14B). 

 

A 

 

B 

 

Figure 14. Graphical abstract conclusions. A: Our model of IL17A-signalling pathway in murine bone marrow LSK. 

B: The IL17A effect on murine bone marrow LSK during ex vivo supplementation and myeloid differentiation culture 

conditions. Generate in Biorender 
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