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Abstract 14 

Introduc6on: Layered hematopoiesis generates disPnct, hematopoiePc stem cell (HSC)-independent 15 

progenitor waves that establish long-lived immune compartments, profoundly influencing postnatal 16 

immunity and disease suscepPbility. 17 

Areas covered: This arPcle reviews the contribuPon of embryonic progenitors to resident immune 18 

populaPons, the impact of prenatal stressors (such as inflammaPon and maternal obesity) on 19 

immune programming, and the mechanisms by which fetal idenPty drives leukemogenesis and 20 

oncofetal reprogramming. We survey recent evidence examining how early environmental and 21 

genePc factors shape developmental hematopoiePc trajectories and highlight resulPng influences 22 

on postnatal disease. 23 

Expert Opinion: While animal models provide valuable mechanisPc insights in fetal hematopoiesis, 24 

translaPng findings to human biology remains challenging. PrioriPes include idenPfying persistent 25 

developmental signatures, employing single-cell mulP-omics to track preleukemic clones, and 26 

advancing ontogeny-aware cell therapies and precision risk-straPficaPon strategies. 27 

 28 

Ar6cle Highlights 29 

• Embryonic development generates HSC-independent progenitor waves that establish long-30 

lived postnatal immune compartments 31 

• Developmental factors shape the maturaPon of adult stem cell niches, leaving lasPng effects 32 

on postnatal immune funcPon and homeostasis 33 
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• Prenatal stressors induce durable changes in fetal hematopoiePc progenitors, modulaPng 34 

suscepPbility to postnatal immune and metabolic disorders 35 

• Fetal HSPCs exhibit differenPal sensiPvity to leukemic drivers, opening new avenues to 36 

idenPfying specific therapeuPc vulnerabiliPes 37 

• Postnatal leukemic cells can pathologically reacPvate embryonic developmental programs 38 

• Moving toward ontogeny-aware strategies requires validaPng experimental findings in 39 

human biology, idenPfying persistent developmental signatures, and advancing precision risk 40 

straPficaPon 41 

 42 

1. Introduc6on 43 

While adult immunity was long assumed to rely exclusively on bone marrow (BM) hematopoiePc 44 

stem cells (HSCs), it is now generally clear that embryonic development generates disPnct, HSC-45 

independent progenitor waves that may durably shape the postnatal immune system[1,2]. Far from 46 

serving as transient stepping stones toward adult hematopoiesis, these early progenitor waves 47 

execute disPnct developmental programs that establish dedicated, long-lived immune 48 

compartments. By layering cellular idenPty across ontogeny, the embryo builds a structurally and 49 

funcPonally diverse immunological landscape long before adult-type HSCs take over blood cell 50 

producPon. Here, we provide a brief overview of fetal hematopoiesis and discuss how common 51 

perturbaPons during pregnancy, including obesity, inflammaPon and stress-related condiPons, may 52 

alter immune development and contribute to disease suscepPbility later in life. Finally, we examine 53 

how fetal-specific gene expression programs can impact childhood leukemia. 54 

 55 

2. Long-las6ng immune contribu6ons origina6ng from HSC-independent hematopoiesis 56 

The long-standing HSC-centered paradigm was first challenged by findings demonstraPng that adult 57 

microglia and other Pssue-resident macrophages (TRMs)—such as Kupffer cells, Langerhans cells, 58 

and alveolar macrophages—originate from embryonic yolk sac-derived erythro-myeloid progenitors 59 

(EMPs) rather than HSCs [3]. A disPnct developmental origin was subsequently idenPfied within the 60 

lymphoid compartment, where B-1a cells derive from fetal Lin⁻ B220⁻/lo CD19⁺ progenitors [4] and 61 

cannot be replenished by adult long-term HSCs [5] whereas adult progenitors predominantly give 62 

rise to the B-1b compartment. More recently, genePc lineage tracing in mice confirmed the HSC-63 

independent origin of B-1a cells [6] and showed that fetal-restricted hematopoiePc stem and 64 

progenitor cells (HSPCs) exert a significant contribuPon to fetal lympho-myelopoiesis [7]. Other 65 



studies showed that HSC-independent hematopoiesis originaPng from embryonic mulPpotent 66 

hematopoiePc progenitors (eMPPs) can contribute to mulPple lineages and persist for several 67 

months aler birth [8]. Together, these discoveries establish that layered hematopoiePc 68 

developmental programs contribute long-lived postnatal immune lineages before and concomitantly 69 

with adult-type HSCs. 70 

 71 

3. Unique response of Fetal Hematopoiesis to Environmental Perturba6ons  72 

To understand how developmental hematopoiesis intersects with postnatal health, it is essenPal to 73 

differenPate between conceptually disPnct phenomena, such as the persistence of embryonic-74 

derived immune lineages (e.g. Pssue-resident macrophages and B-1a cells) into adulthood and 75 

durable programming of early progenitors by transient prenatal environmental exposures. In this 76 

context, can perturbaPons in fetal hematopoiesis affect immune behavior later in life with funcPonal 77 

and pathological consequences? An emerging paradigm is that transient developmental 78 

hematopoiePc programs can shape immune funcPon long aler the progenitor populaPons 79 

themselves have disappeared. For instance, prenatal inflammatory exposure may not only induce 80 

transient perturbaPons in fetal hematopoiesis; rather, it could rewire early hematopoiePc programs 81 

and lead to persistent changes in postnatal immune composiPon or behavior. In mice, these 82 

alteraPons carry over even aler transplantaPon into unmanipulated, healthy hosts, confirming that 83 

early inflammatory signals induce durable cell-intrinsic reprogramming rather than a transient 84 

response to an altered microenvironment [9]. Fetal-restricted HSPCs show immunophenotypic and 85 

temporal overlap with the developmental-restricted HSCs previously described as giving rise to 86 

innate-like B and T lymphocytes, although these populaPons are not necessarily idenPcal [10]. 87 

Furthermore, the fetal HSPC compartment exhibits disPnct intrinsic heterogeneity and responds to 88 

inflammatory signals in a fundamentally different manner than adult HSPCs, modulaPng progenitor 89 

acPvaPon and expansion to balance immediate fetal requirements against long-term immune 90 

preservaPon. An imbalance or shil in the proporPon of B-1a and B-1b cell compartments 91 

significantly increases the risk of immune dysfuncPon, driving either auto-inflammatory pathology 92 

or immunodeficiency. Consequently, in addiPon to their essenPal role in sustaining embryonic and 93 

fetal hematopoiesis, developmentally restricted HSPCs may represent an important target through 94 

which early environmental signals can modulate postnatal immune funcPon and contribute to its 95 

dysregulaPon, affecPng condiPons such as allergy, autoimmunity, or chronic inflammatory diseases. 96 

While mouse models indicate that this differenPal sensiPvity is Ped to the intrinsic properPes of the 97 



fetal hematopoiePc progenitor pool, it remains to be determined whether corresponding human 98 

fetal HSPCs exhibit similar dynamics. Clarifying how these developmental imprints persist in humans 99 

could ulPmately improve early clinical screening protocols and facilitate paPent-specific 100 

intervenPons before these immune-mediated diseases fully manifest. 101 

 102 

4. The Impact of Fetal Niche Priming and Gesta6onal Stress on Immune Func6on 103 

Beyond intrinsic programming, fetal HSPCs acPvely shape adult hematopoiePc niches, indirectly 104 

affecPng postnatal immune funcPon. Perçin et al. recently showed that EMP-derived macrophages 105 

are indispensable for establishing a funcPonal BM niche capable of recruiPng adult HSCs during fetal 106 

development [11]. These embryonic macrophages persist in the BM and appear to regulate 107 

mesenchymal stromal cells, promoPng CXCL12 expression required for HSC homing (Figure 1A). 108 

Therefore, the classic vision of the CXCL12-CXCR4 axis as a mechanism controlling HSC homing and 109 

retenPon within the BM is preceded by an earlier process in which embryonic macrophages shape 110 

a niche competent to recruit HSCs. This reliance on early macrophage signaling highlights the 111 

suscepPbility of niche maturaPon to environmental changes during gestaPon. If macrophage 112 

signaling is required for the BM niche, how do relaPvely common physiological perturbaPons such 113 

as chronic sterile inflammaPon or excessive maternal stress during gestaPon impact the developing 114 

immune system? For instance, maternal obesity, which entails persistent inflammaPon, can 115 

reprogram fetal-derived Kupffer cells (the specialized macrophages of the liver), predisposing 116 

offspring to metabolic dysfuncPon-associated steatoPc liver disease [12]. Macrophages are primary 117 

players in the response to inflammatory sPmuli, but they do not represent the only affected cell 118 

type. Serhan et al. showed that prenatal stress causes fluctuaPons in maternal glucocorPcoids which 119 

in turn dysregulate neuroimmune circuits reprogramming fetal mast cells in utero, driving early-life 120 

allergic condiPons such as eczema [13]. Together, these findings reveal that maternal condiPoning 121 

and gestaPonal stress alters both microenvironmental niche maturaPon and Pssue-resident cell 122 

idenPty, leaving lasPng effects on postnatal immune funcPon and organ homeostasis (Figure 1B). 123 

Other external factors, such as infecPons, vaccinaPon, or pharmacological treatments, can all affect 124 

the fetus’ developing immune system in complex ways that are beginning to be understood [14]. 125 

 126 

5. Developmental Iden6ty and Oncogenic Vulnerability in Hematological Malignancies 127 

Developmental condiPoning is not limited to immune funcPon, but intrinsic fetal vulnerabiliPes may 128 

also determine how HSPCs respond to oncogenic mutaPons. For instance, Eldeeb et al. 129 



demonstrated that the leukemic fusion gene ETV6::RUNX1 enhances self-renewal and disrupts 130 

lymphopoiesis more effecPvely in fetal HSCs than in their adult counterparts. When combined with 131 

prenatal inflammatory sPmuli, these fetal-restricted HSPCs gain a compePPve advantage over adult-132 

type HSCs, underscoring a synergy between early mutaPons and inflammatory signals in establishing 133 

a preleukemic state [15]. An even more clear dependence on fetal idenPty is observed in 134 

KMT2A::AFF1 infant leukemia. Ling et al. showed that the fetal-specific regulator LIN28B, expressed 135 

in fetal progenitors but absent in adult HSCs, is strictly required for KMT2A::AFF1-driven 136 

leukemogenesis; without LIN28B, the fusion gene fails to iniPate malignant transformaPon, proving 137 

that fetal programming is a driver rather than a passive permissive state [16]. How maternal 138 

perturbaPons can affect fetal hematopoiesis and influence the risk of developing childhood leukemia 139 

is a largely understudied area and an interesPng direcPon for future research. 140 

Fetal programs can also be pathologically co-opted or re-engaged aler birth, in a process olen 141 

referred to as “oncofetal reprogramming”, which has been well described for solid tumors but less 142 

so for hematological cancers. Recent mulP-omic studies demonstrated that high-risk juvenile 143 

myelomonocyPc leukemia (JMML) HSPCs can reacPvate LIN28B, revealing a high degree of oncofetal 144 

plasPcity where malignant cells postnatally re-establish fetal developmental programs [17]. 145 

However, accumulaPng evidence indicates that JMML can also directly iniPate in utero[18]. 146 

InteresPngly, recent studies idenPfied two disPnct subgroups of JMML paPents displaying fetal-like 147 

molecular signatures; paradoxically, the subgroup with the most pronounced LIN28B dysregulaPon 148 

exhibited less transcripPonal overlap with prenatal samples [19]. Because aberrant DNA methylaPon 149 

in JMML is primarily a postnatal event [17], these findings suggest two disPnct routes to acquiring 150 

an aberrant fetal phenotype: prenatal mutaPon acquisiPon in “vulnerable” fetal HSPCs versus 151 

postnatal oncofetal reprogramming (Figure 1C). Thus, clinically similar disease phenotypes can 152 

emerge from disPnct cells of origin or ontogenePc windows.  153 

These studies underscore the importance of the cell of origin and the Pming of mutaPon acquisiPon 154 

in leukemogenesis. Pinning down when and in which developmental compartment a mutaPon 155 

occurs will be fundamental for understanding clinical heterogeneity and tailoring targeted therapies. 156 

For instance, detecPng fetal oncogenic signatures in adults may allow tracking of (pre)leukemic 157 

clones, predicPng and monitoring disease trajectory, and decrease the chance of recurrence, 158 

ulPmately advancing human health. 159 

 160 

6. Conclusion 161 



We are beginning to understand that events affecPng fetal hematopoiesis can influence lifelong 162 

immune funcPon and oncogenic suscepPbility; however, the precise molecular mechanisms, Pming, 163 

and relevance to human disease remain incompletely defined. More specifically, fetal hematopoiesis 164 

is increasingly regarded not simply as a transient program preceding adult blood formaPon. Some 165 

embryonic hematopoiePc lineages persist in postnatal life, and adult HSCs cannot replace all of 166 

them. Emerging evidence suggests that the same genePc alteraPon may have different 167 

consequences depending on the cellular context, highlighPng that the pathogenic potenPal of a 168 

given mutaPon is not uniform across hematopoiePc populaPons. Similarly, when fetal immune cells 169 

are exposed to prenatal stress signals, changes altering specific funcPons and contribuPng to 170 

postnatal immune dysregulaPon may persist, affecPng postnatal condiPons such as allergy, 171 

autoimmunity, or chronic inflammatory diseases. 172 

Moving forward, a primary objecPve will be to dissect how disPnct subsets within the 173 

heterogeneous fetal hematopoiePc compartment respond to specific genePc and environmental 174 

perturbaPons, both in utero and during disease progression later in life. At the same Pme, 175 

fundamental aspects of developmental hematopoiesis including the migraPon/expansion dynamics 176 

and specific microenvironments of fetal HSPCs and adult HSCs remain incompletely understood. 177 

Unraveling these processes will unlock new opportuniPes for clinical translaPon. Crucially, 178 

translaPng these insights into human medicine will require defining which fetal molecular signatures 179 

persist into adulthood and validaPng whether observaPon in experimental models accurately reflect 180 

human biology and disease risk. 181 

 182 

Expert Opinion 183 

The paradigm shil toward layered hematopoiesis has fundamentally reshaped our understanding 184 

of immune regulaPon and leukemogenesis, demonstraPng that embryonic hematopoiePc 185 

progenitors, previously regarded as purely transient populaPons, together with fetal environmental 186 

factors exert a lasPng funcPonal influence on postnatal health. Despite these advances, criPcal gaps 187 

remain. Most mechanisPc insights rely heavily on animal models, which do not necessarily mirror 188 

the temporal dynamics, progenitor hierarchies or molecular idenPPes of human fetal hematopoiesis 189 

in full. Furthermore, prospecPvely isolaPng human developmentally restricted hematopoiePc 190 

progenitors and tracking their funcPonal fate in vivo remains both technically and ethically 191 

challenging.  192 

 193 



To bridge this gap, the priority is to establish ontogeny-aware clinical strategies, moving from 194 

reacPve “one-size-fits-all” treatments of established immune disorders and pediatric leukemias 195 

toward early risk straPficaPon and targeted selecPve therapies. Achieving this requires defining the 196 

precise epigenePc mechanisms that sustain fetal-derived cellular memory into adulthood and 197 

idenPfying non-invasive biomarkers of prenatal immune condiPoning. Key quesPons that are now 198 

experimentally and clinically addressable include: can exposure-specific prenatal imprints be reliably 199 

detected via epigenePc or transcriptomic profiling of accessible circulaPng immune cells in 200 

newborns or adults? Do these developmental signatures directly correlate with clinically meaningful 201 

immune phenotypes, such as altered vaccine responsiveness or suscepPbility to autoimmune flare-202 

ups?  203 

 204 

In the coming years, we anPcipate that the field will advance rapidly through three primary future 205 

perspecPves. First, single-cell mulP-omics and high-resoluPon spaPal transcriptomics will allow 206 

researchers to map preleukemic clones and altered immune subsets back to specific developmental 207 

windows. A parPcularly compelling area is the intersecPon of maternal factors (e.g. inflammaPon) 208 

and developmental vulnerability in age-restricted hematological malignancies, such as juvenile 209 

myelomonocyPc leukemia (JMML). Unraveling whether aberrant leukemic phenotypes stem from in 210 

utero iniPaPon or postnatal oncofetal reprogramming (such as via LIN28B re-expression) may 211 

provide acPonable clinical insight. IdenPfying fetal oncogenic signatures in circulaPng cells may thus 212 

allow clinicians to track preleukemic clones, predict disease trajectories, and reduce the risk of 213 

recurrence. 214 

Second, developmental insights will pave the way for translaPonal cell therapies. Acquiring a more 215 

comprehensive cellular and molecular understanding of hematopoiePc ontogeny will support the ex 216 

vivo generaPon and/or expansion of autologous HSCs and fetal-restricted HSPCs for reinfusion into 217 

paPents following cytotoxic therapy. Third, defining a roadmap of ontogenePc pathways could 218 

enable the selecPve therapeuPc modulaPon of aberrant developmental programs without impairing 219 

healthy hematopoiesis. UlPmately, the next major fronPer will be to connect fundamental principles 220 

of developmental ontogeny with measurable clinical biomarkers and human disease biology, paving 221 

the way for personalized early risk straPficaPon and targeted therapies. 222 

 223 

 224 

 225 



Figure 1. The impact of fetal hematopoie6c ontogeny on postnatal immunity and leukemogenesis. 226 

(A) Layered hematopoiesis and BM niche priming. Embryonic hematopoiesis generates disPnct, HSC-227 

independent progenitor waves. Yolk sac-derived erythro-myeloid progenitors (EMPs) give rise to 228 

Pssue-resident macrophages (TRMs), while fetal-restricted HSPCs, originaPng from vitelline and 229 

umbilical arteries, yield innate-like lymphoid subsets (e.g., B-1a cells). Pre-HSCs, the precursors to 230 

adult-type HSCs, originate mainly from the dorsal aorta. In the developing bone marrow, EMP-231 

derived macrophages instruct mesenchymal stromal cells (MSCs) to express CXCL12, establishing a 232 

funcPonal niche for adult-type HSC recruitment.  233 

(B) Maternal perturbaPons and long-term immune imprinPng. GestaPonal stressors (maternal 234 

inflammaPon, obesity, chronic stress) induce durable, cell-intrinsic epigenePc changes in fetal-235 

restricted HSPCs and Pssue-resident macrophages. These changes persist aler birth, altering 236 

postnatal immune composiPon, augmenPng inflammatory responses, and increasing suscepPbility 237 

to allergic or metabolic disorders. MASLD: Metabolic dysfuncPon-Associated SteatoPc Liver Disease.  238 

(C) Developmental vulnerability and oncofetal reprogramming in pediatric hematological 239 

malignancies. Oncogenic drivers exhibit disPnct cell-of-origin dependencies. The acquisiPon of fetal 240 

programs during leukemogenesis can occur either through in utero mutaPon acquisiPon within 241 

developmentally restricted HSPCs or postnatally, wherein adult leukemic cells reacPvate embryonic 242 

developmental pathways (i.e. oncofetal reprogramming). 243 

Figure created in BioRender. hvps://BioRender.com/sqy1n4o 244 
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