Eur Cytokine Netw. Vol. 37, n° 3, September 2026 193-206

REVIEW

GM-CSF: from emergency myelopoiesis to central innate immune memory

Paula Guerrero, M. Luisa Gil and Alberto Yafiez"

Instituto de Biotecnologia y Biomedicina (BIOTECMED) and Departamento de Microbiologia y Ecologia, Facultad de Ciencias Bioldgicas,
Universitat de Valéncia, Burjassot, Spain

*Corresponding Author: Alberto Yafez. Email: alberto.yanez@uv.es

Received: 01 June 2026; Accepted: 31 August 2026; Published: 28 September 2026

To cite this article: Guerrero P, Gil M. L, Yanez A. GM-CSF: from emergency myelopoiesis to central innate immune memory. Eur Cytokine
Netw. 2026; 37(3): 193-206. doi:10.32604/ecn.2026.086544

ABSTRACT: Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a pleiotropic cytokine classically
recognized as a central regulator of emergency myelopoiesis, promoting the expansion and differentiation of
hematopoietic stem and progenitor cells (HSPCs) towards the myeloid lineage during infection and inflammation.
In addition, GM-CSF enhances myeloid cell recruitment and activation, boosting antimicrobial functions and
inflammatory responses. This coordinated capacity to enhance myelopoiesis while amplifying effector functions
reflects a broader property of GM-CSF to functionally reprogram the hematopoietic system, not only increasing
myeloid output but also shaping the inflammatory potential of downstream myeloid cells. However, this enhanced
potential must be tightly regulated to avoid tissue damage and the development of chronic inflammatory or
autoimmune disorders driven by GM-CSF-activated cells. In this review, we integrate current knowledge of GM-
CSF biology with emerging evidence supporting its role in shaping central innate immune memory. We highlight
its capacity to induce divergent memory programs, promoting either trained immunity or tolerance depending
on GM-CSF receptor (GM-CSFR) expression levels and downstream signaling strength across distinct stages of
myelopoiesis. Finally, we discuss the relevance of these properties in different contexts and their current and potential
therapeutic implications.
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1 Introduction

Cytokines are key intercellular mediators that
orchestrate immune homeostasis and host defense
via autocrine or paracrine signaling. Their multiple
effector functions are shaped by context, driving
different outcomes depending on the cells that provide,
and/or receive the cytokine-mediated signals. In this
network, granulocyte-macrophage colony-stimulating
factor (GM-CSF) was first described as a member
of the CSF family [1], a group of cytokines that
regulate mammalian myelopoiesis. Its three canonical
members, M-CSF (CSF-1), G-CSF (CSF-3), and
GM-CSF (CSF-2), are involved in the process of
myeloid lineage specification from bone marrow
(BM) progenitors, and several murine models have
demonstrated that M-CSF and G-CSF are essential
at steady-state for monocyte and macrophage, and
granulocyte differentiation, respectively [2,3]. In
contrast, although GM-CSF supports granulocyte and
macrophage differentiation in vitro, studies using GM-
CSF- or GM-CSF receptor (GM-CSFR)-deficient
mice revealed that its role in steady-state myelopoiesis
is largely redundant, aside from the absence of alveolar
macrophages and reductions in specific subsets of
tissue-resident dendritic cells (DCs) [4-6]. Instead,
GM-CSF expression is typically induced as part of

the host response to infection or tissue injury, where
it plays a central role in emergency myelopoiesis by
reinforcing hematopoietic stem and progenitor cells
(HSPCs) production and release of myeloid cells from
the BM. Commitment of HSPCs to the myeloid lineage
is triggered by transcriptional programs associated
with myeloid differentiation activated by GM-CSF,
such as PU.1. Besides, GM-CSF can also drive
activation of mature myeloid cells, enhancing their
antimicrobial effector functions and priming their
inflammatory cytokine production. The flip side of
potentiating inflammation is that GM-CSF-activated
phagocytes can also generate tissue damage and,
ultimately autoimmune or inflammatory disorders,
highlighting the dual role of GM-CSF as a mediator
of both protective and pathogenic inflammatory
responses [7,8].

This concept aligns with the emerging paradigm
of innate immune memory, whereby myeloid cells
undergo metabolic and epigenetic reprogramming after
microbial or inflammatory stimulation, leading to
long-term changes in the magnitude and quality of sec-
ondary responses. Importantly, this adaptation extends
beyond mature innate cells to HSPCs, positioning the
bone marrow as a central reservoir of innate immune
memory [9,10].
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Figure 1: GM-CSFR subunits and receptor conformations. GM-CSFR is a heterodimeric receptor composed of a cytokine-specific
o chain (GMRa) and a common  chain (Bc chain). Ligand binding promotes assembly of a signaling hexamer, whose dimerization
generates a high-affinity dodecamer that brings the Bc cytoplasmic domains into close proximity, enabling transphosphorylation and
kinase activation. Differential signaling outcomes associated with each receptor conformation are indicated.

To facilitate the discussion presented throughout
this review, it is first necessary to establish a concep-
tual framework that distinguishes several related, yet
non-equivalent, biological processes. Although these
concepts are closely related, emergency myelopoiesis,
myeloid skewing, trained immunity, tolerance, and cen-
tral innate immune memory describe distinct biological
phenomena and should not be used interchangeably.
Emergency myelopoiesis refers to the rapid increase
in myeloid cell production in response to infection
or tissue injury, whereas myeloid skewing denotes a
preferential commitment of hematopoietic progenitors
toward the myeloid lineage at the expense of alter-
native differentiation programs. By contrast, innate
immune memory describes the capacity of innate
immune cells to undergo long-lasting functional repro-
gramming following a primary stimulus, resulting in
either enhanced responsiveness (trained immunity) or
attenuated inflammatory responses (tolerance) upon
secondary challenge. Importantly, these functional out-
comes are thought to arise from sustained metabolic,
epigenetic, and transcriptional remodeling rather than
simply increased myeloid output. When such long-
term reprogramming occurs at the level of HSPCs,
it is referred to as central innate immune memory,
allowing functionally reprogrammed myeloid cells to
be continuously generated long after the initial stimu-
lus has disappeared. Although emergency myelopoiesis
and central innate immune memory coexist during
inflammatory responses and may share upstream medi-
ators such as GM-CSF, they represent related but
distinct processes. Throughout this review, we distin-
guish changes in hematopoietic output from persistent
functional programming of HSPCs and their progeny,
and discuss how GM-CSF may contribute to both
processes depending on the cellular context and signal-
ing strength.

Here, we summarize the classical functions of GM-
CSF in myelopoiesis and inflammation, with emphasis
on how signal strength and receptor conformation
shape these cellular outcomes and highlighting its
context-dependent effects. We then integrate these
functions with the emerging evidence supporting a role
for GM-CSF as a regulator of innate immune memory,
acting at multiple stages of the hematopoietic compart-
ment to shape long-term functional reprogramming of
both mature myeloid cells and HSPCs, with important

future implications for infection, chronic inflamma-
tion, cancer, and therapeutic intervention.

2 GM-CSF Cell Biology and Signaling

2.1 Receptor Structure

GM-CSF is rarely detectable in the peripheral blood
of healthy individuals and is produced basally in non-
sterile tissues such as the lung, gut, and skin, but it
increases in response to various inflammatory stimuli
and is rapidly consumed by surrounding cells [11]. The
GM-CSFR is a heterodimeric complex consisting of
a cytokine-specific o chain (CD116, GMRa), which
is expressed at low levels and tightly regulated on tar-
get cells, and a signal-transducing B common chain
(CD131, Bc chain), which is shared with the IL-3 and
IL-5 receptors (figure 1) [12]. GMRa initially binds
to GM-CSF by surrounding the cytokine, but with
low affinity and rapid dissociation kinetics. Subsequent
assembly of the GMRo-fc heterodimeric complex sta-
bilizes the interaction, increasing the affinity while
lowering the dissociation kinetics [13,14].

The crystal structure of GM-CSF bound to its
heterodimeric receptor has been solved, providing
important structural insights into the interaction
between the GM-CSFR and downstream signaling.
The receptor assembles into a tetrameric structure com-
prising two intercalated Bc chains at the core enclosed
by two GMRa chains, each binding one GM-CSF
molecule, resulting in a 6-protein ligand-receptor sig-
naling complex, or hexamer (figure 7). The Bc subunit
plays a main role in signal transduction, yet signal-
ing specificity is explained by the unique cytoplasmic
domains of the GMRo subunits, whose deletion abol-
ishes ligand-induced signaling [15].

This hexameric complex appears to dimerize form-
ing a dodecamer structure composed of two hexamers,
placing the cytoplasmic domains of the ¢ chains into
close proximity, thus facilitating transphosphorylation
and kinase activation. This generates a high-affinity
conformation which engages multiple downstream
pathways robustly, leading to GM-CSF-mediated sur-
vival, proliferation, differentiation and activation. By
contrast, hexameric intermediates transduce predom-
inantly survival and differentiation signals, as next
detailed (figure 1) [14,16,17]. Other studies determined
similar differential activation in response to low levels
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or high doses of GM-CSF, driven by a phosphoryla-
tion switch in the Bc chains that allows for differential
signaling cascades. Signaling occurs either through
Ser585 at lower concentrations, leading to cell survival,
or through Tyr577 at higher concentrations induc-
ing regulation of broader functions [18,19]. Thus, the
pleiotropic effect elicited by GM-CSF relies on the
different signaling intensities, that is the net result of
the specific cell-type GM-CSFR expression level, but
also the GM-CSF quantity, and ultimately, the receptor
stoichiometry.

2.2 Signaling Pathways

GM-CSFR can trigger activation of the canoni-
cal pathways, including JAK2/STATS (Janus kinase
2/signal transducer and activator of transcription
5), the MAPK cascade (Ras/RaffMEK/ERK) and
the PI3K/Akt (phosphatidylinositol-3-kinase/protein
kinase B) axis, as well as the NF-xB (nuclear fac-
tor kappa B) pathway. Downstream crosstalk further
regulates mMTORCI (mammalian target of rapamycin
complex 1) and B-catenin levels, which, together with
the above-mentioned signaling modules, fine-tune the
diverse cellular outcomes orchestrated by GM-CSF
(figure 2).

The JAK2/STATS5 pathway has been extensively
associated with progenitor survival, proliferation, and

myeloid differentiation programs, while also contribut-
ing to inflammatory activation in mature myeloid
cells [20]. Tts activation requires the dodecamer high-
affinity structure, which results in JAK2 clustering
enabling phosphorylation of the Bc chains, a signaling
event that contributes to cell proliferation in response
to GM-CSF, as revealed by mutant receptor analy-
ses [17]. In line with this, only high concentrations of
GM-CSF induce signaling via Tyr577, which strongly
activates this pathway, driving phosphorylation of
either the STATSA or STATS5B isoforms [12]. More-
over, in human ex vivo differentiation of macrophages,
STATS activity contributes to macrophage activation,
including boosted phagocytic capacity and inflam-
matory cytokine production, whereas its inhibition
reduces IL-6, IL-8 and TNF-o levels and promotes
apoptosis in activated macrophages [21].

In parallel, activation of the MAPK pathway pro-
motes progenitor proliferation and regulates lineage
commitment during hematopoiesis [22]. Downstream,
MAPK signaling induces AP-1 family members (such
as c¢-Fos and c-Jun), and physical PU.1-c-Jun inter-
action is crucial for activation of PU.I target genes
required for myeloid commitment during macrophage
differentiation [23] (figure 2). Specifically, sustained
ERK signaling downstream of GM-CSF promotes
monocyte survival in vitro and enhanced antigen-
presenting features [24].
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Figure 2: Overview of GM-CSF receptor signaling and its proposed role in regulating innate immune memory programs. GM-
CSF binding activates multiple intracellular signaling pathways, including JAK2/STATS, PI3K/Akt/mTOR, MAPK/ERK, NF-xB,
and B-catenin, leading to context-dependent regulation of cell survival, proliferation, differentiation, and inflammatory activation.
The canonical signaling pathways downstream of GM-CSFR are well established, whereas the interactions between B-catenin and
NF-xB signaling, and their contribution to long-term hematopoietic stem and progenitor cell (HSPC) programming and innate immune
memory, represent an emerging model supported by recent experimental evidence. The balance between inflammatory and regulatory
programs is likely influenced by multiple factors, including GM-CSFR expression levels, ligand concentration, cell type, developmental
stage, stimulus, and inflammatory context. Consequently, the signaling network depicted should be interpreted as a context-dependent
conceptual framework rather than a universal GM-CSFR signaling cascade. Arrows indicate activation, blunt-ended lines indicate

inhibition and “P” denotes phosphorylation.
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The PI3K/Akt pathway is engaged at both basal
and high GM-CSF signaling strengths, contributing
primarily to cell survival by inducing anti-apoptotic
programs. This pathway can be activated via Bc-chain
phosphorylation or via direct interaction with the
GMRa in a mechanism independent of JAK2, high-
lighting its flexibility in response to distinct receptor
conformations [18]. In myeloid cells, GM-CSF-derived
Akt modulation contributes to macrophage polariza-
tion or differentiation into DCs with varying mature
and immature phenotypes [25,26].

Activation of NF-xkB downstream of GM-CSFR
signaling, is classically regarded as a central mediator
of the primary inflammatory response. Early stud-
ies indicated that GM-CSF-induced Akt activation
could regulate the transcriptional activity of NF-kB.
However, direct activation of NF-xB through the
GMRa subunit has also been described, promoting
phosphorylation of the IKK activation complex and
subsequent transcription of pro-inflammatory media-
tors [25] (figure 2). Besides this role, NF-kB signaling
has also been linked to GM-CSF-mediated upregula-
tion of anti-apoptotic members of the Bc/-2 family,
thereby supporting survival across multiple hematopoi-
etic lineages [17,23].

Further studies have demonstrated that GM-CSF
signaling can also modulate the B-catenin pathway,
whose central upstream regulator is glycogen synthase
kinase 3B (GSK3B) (figure 2). During hematopoiesis,
activation of GSK3B by phosphorylation at Tyr216
contributes to the tight regulation of HSPC self-
renewal and differentiation by maintaining low
intracellular levels of B-catenin through proteasomal
degradation. In contrast, inhibition of GSK3p,
by phosphorylation at Ser9, promotes B-catenin
stabilization and transcriptional activation, a process
associated with skewed myeloid differentiation and
HSPC exhaustion [27,28].

Interestingly, the signaling pathways engaged
downstream of GM-CSFR integrate ligand
concentration, receptor stoichiometry, and cellular
context to determine distinct biological outputs.
Low-intensity signaling, associated with basal
GM-CSF concentrations or lower-order receptor
assemblies, preferentially activates PI3K/Akt- and
NF-kB-dependent survival programs. By contrast,
stronger GM-CSF signaling through high-affinity
dodecameric receptor complexes promotes robust
activation of JAK2/STATS5, MAPK/ERK, and NF-
kB pathways, driving inflammatory gene expression,
metabolic rewiring, and myeloid differentiation
programs [12,17-19]. In this context, coordinated
Akt and ERK activation converges on mTORCI
signaling, a central regulator of metabolic rewiring
required for inflammatory effector functions, while
enhanced NF-xB activity amplifies pro-inflammatory
cytokine production. Notably, both Akt and
ERK have been shown to induce inhibitory Ser9
phosphorylation of GSK3p [28,29], suggesting that
B-catenin activation may represent an additional
downstream layer integrating GM-CSF signaling
strength with hematopoietic fate decisions and
functional reprogramming.
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Consistent with these graded signaling responses
noted above, dose- and time-dependent effects of
GM-CSF on monocyte and macrophage differenti-
ation have been reported, suggesting that GM-CSF
does not instruct a single activation state but rather
licenses a spectrum of functional programs in different
contexts. Sun et al. reported that different concen-
trations of GM-CSF generated myeloid populations
with distinct inflammatory or suppressive properties,
in fact, cells differentiated with a high concentration
of GM-CSF were more potent in generating cytokines
and chemokines [30]. Accordingly, in inflammatory
settings, dose-dependent neutralization of GM-CSF
differentially regulates monocyte expansion and func-
tional activation, affecting both cell numbers and
polarization programs [31].

Lastly, transition from activated monocytes to
suppressor monocytes has been described in human
and mouse inflammatory monocytes to be mediated
by a first “licensing” step that requires the GM-
CSF-induced PI3K/AKT/mTOR pathway [32]. In this
context, myeloid-derived suppressor cells (MDSCs)
are a heterogeneous population of immature cells
of monocytic and granulocytic lineages with potent
immunosuppressive activity that expand during can-
cer, chronic inflammation, and infection [33]. Their
expansion and functional activation are driven by mul-
tiple inflammatory mediators, among which GM-CSF,
in combination with other cytokines such as IL-6,
represents a major inducer of MDSC development.
These signals converge on key intracellular pathways
including Ras/MAPK, PI3K/Akt, JAK/STAT, and
TGF-B-associated signaling, which collectively regulate
the expression of transcription factors and effector
molecules involved in MDSC proliferation, survival,
and suppressive activity, including iNOS, 1L-10, and
arginase-1 [34]. Together, these observations support
the mechanistic framework to explain the diverse and
context-dependent functions of GM-CSF discussed
throughout this review.

3 Immune Functions of GM-CSF

3.1 Cellular Sources of GM-CSF

Under homeostatic conditions, alveolar epithelial cells
constitute the major source of GM-CSF in the lung and
are essential for alveolar macrophage differentiation
and maintenance [35], while resident DC subsets are
maintained by local tissue-derived GM-CSF signals in
skin and mucosal tissues, largely provided by stromal
compartments [30].

During inflammation, GM-CSF serves as a key
communication hub linking local tissue perturbation
with systemic myeloid responses. Both hematopoi-
etic and non-hematopoietic cell types can produce
GM-CSF, although this typically requires an activat-
ing stimulus. Importantly, the relative contribution of
each cellular source is context-dependent and remains
incompletely defined.

Among immune cells, activated T helper (Th)
cells (Thl and Thl7) represent a major source of
GM-CSF during inflammation and autoimmunity as
observed in both mouse models and patients. Addi-
tionally, a novel subset of GM-CSF-producing T cells
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(Th-GM) has recently been identified and associated
with the development of experimental autoimmune
encephalomyelitis (EAE), a murine model of multi-
ple sclerosis, [20,37]. In addition to T cells, other
hematopoietic populations contribute to GM-CSF
production in a highly context-dependent manner.
Innate response activator B cells, located in the
peritoneal and pleural cavities, produce GM-CSF
upon pattern-recognition receptor (PRR) stimulation,
thereby enhancing myeloid function and promoting
early IgM production via autocrine GM-CSF signal-
ing which reinforces early innate protection during
infection [38,39]. By contrast, under chronic inflam-
matory conditions, the same B cell-derived GM-CSF
axis becomes pathogenic, as observed in multiple
sclerosis (MS) patients [40]. Similarly, natural killer
(NK) cells can produce GM-CSF during tissue inflam-
mation, where it contributes to either protective
antimicrobial immunity or, conversely, to pathological
amplification of inflammatory circuits in autoimmune
arthritis [41,42].

An additional physiological regulator of GM-
CSF production is the commensal microbiota.
Increasing evidence indicates that microbiota-derived
signals contribute to the maintenance of steady-
state hematopoiesis and myeloid cell development
by promoting tonic cytokine production at barrier
tissues. In the intestine, microbial recognition by
resident myeloid and stromal cells induces the
production of IL-1B and IL-23, which subsequently
stimulate type 3 innate lymphoid cells (ILC3s)
and activated T cells to secrete GM-CSF. Locally
produced GM-CSF promotes the differentiation
and functional maturation of intestinal macrophages
and dendritic cells, thereby contributing to epithelial
integrity, immune homeostasis, and antimicrobial
defense [43,44]. Beyond its local effects, the intestinal
microbiota also influences steady-state myelopoiesis
through circulating microbial products and metabolites
that engage PRRs and shape hematopoietic activity in
the bone marrow [45], although the direct contribution
of microbiota-induced GM-CSF to signal in HSPCs
remains to be unequivocally established. Moreover,
Pires et al. found in a model of colorectal cancer that
the cytokine TL1A stimulates production of GM-CSF
by ILC3s, which triggers emergency granulopoiesis,
neutrophil recruitment and adaptation in inflamed
tissue, thereby promoting colorectal tumorigenesis [46].

In parallel, ILC2s producing GM-CSF have
emerged as important regulators of pulmonary
immunity  during allergic inflammation or
infection [47]. Furthermore, recent evidence also
indicates that bone marrow-resident ILC2s can
produce GM-CSF to support hematopoietic recovery
under stress conditions [48,49]. Although HSPCs
are not a predominant source of GM-CSF, they
can produce this cytokine in response to PRR
stimulation [50]. GM-CSF-producing HSPCs have
also been identified in tumor-bearing mice and during
Candida albicans infection [51,52].

Importantly, non-hematopoietic tissue-resident
cells also represent a major source of GM-CSF
in inflammatory settings. Epithelial cells can
rapidly produce GM-CSF in response to allergic or

inflammatory stimuli, acting as an early signal that
promotes barrier-associated immune activation and
amplifies local inflammatory circuits. In addition,
stromal cells contribute substantially to GM-CSF
production in pathological contexts. Fibroblast-like
synoviocytes produce GM-CSF and play a key role
in the initiation and maintenance of autoimmune
arthritis [53], while cardiac fibroblasts strongly
upregulate GM-CSF following tissue injury and
have been implicated in diverse cardiovascular
pathologies [54,55]. Lastly, tumor cells and tumor-
associated stromal compartments also constitute an
important source of GM-CSF with context-dependent
outcomes ranging from immunosuppression and
tumor progression to reinforced antigen presentation
and antitumor immunity, as discussed below [56]. The
major cellular sources of GM-CSF under homeostatic
and inflammatory conditions are summarized in
table 1.

3.2 GM-CSF-Responsive Cells

GM-CSF acts on a broad range of cells acting on both
hematopoietic progenitors and mature innate immune
cells to couple bone marrow output with peripheral
inflammatory demands. Among differentiated innate
cells, monocytes and macrophages represent central
GM-CSF targets. On these cells, GM-CSF potentiates
their survival, antimicrobial activity, and inflammatory
potential, including increased phagocytosis, reactive
oxygen species production, and triggers an inflam-
matory signature in monocytes [20,57,58]. Regarding
dendritic cells, GM-CSF was the first cytokine shown
to promote DC differentiation from human and mouse
monocytes (moDCs) or hematopoietic progenitors in
vitro, typically in combination with IL-4 [59,60].
However, the precise contribution of this cytokine in
vivo remains under active debate and has been closely
linked to the heterogeneity of GM-CSF-responsive
DC populations. Recent evidence indicates that GM-
CSF licenses differentiation and/or maturation of a
distinct DC3 subset characterized by potent inflamma-
tory and antigen-presenting capacities. Independently
of their ontogeny, GM-CSF-responsive DC popula-
tions display enhanced MHC-II expression, cytokine
production, and T-cell priming capacity [61-63]. In
neutrophils, GM-CSF signaling sustains survival and
tissue recruitment through upregulation of adhesion
molecules, while simultaneously potentiating antimi-
crobial functions including reactive oxygen species
production, phagocytosis and neutrophil extracellular
trap formation [64—66]. Moreover, in eosinophils, GM-
CSF similarly extends cell survival and potentiates their
effector functions, while in the lung, resident basophils
have been shown to be regulated by GM-CSF to further
imprint macrophages in the pulmonary niche [67,68].
Upstream of differentiated cells, GM-CSFR is
also expressed throughout the HSPC compartment,
although at lower levels in uncommitted progenitors
(HSCs) than in downstream myeloid-committed pro-
genitors such as granulocyte-monocyte progenitors
(GMPs). Upon interaction, GM-CSF promotes pro-
genitor proliferation and biases their myeloid lineage
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Table 1
Major cellular sources of GM-CSF and their representative physiological and pathological contexts

Cellular source Stimuli Representative physiological/Pathological contexts Refs.
AT2 cells Homeostatic tissue-derived Lung homeostasis and alveolar macrophage [35]
signals maintenance
Epithelial cells Allergic, inflammatory, and Barrier immunity and mucosal inflammatory [12,20]
infectious stimuli responses
Stromal cells Homeostatic tissue-derived Skin and mucosal homeostatic maintenance of [36]

signals

tissue-resident DCs

TCR activation and
inflammatory cytokines

Th cells (Th1/Th17/Th-GM)

Inflammation and autoimmunity [20,37]

IRA B cellssfGM-CSF-producing PRR stimulation Early innate protection during infection; [38-40]
B cells pathogenic responses in MS
NK cells Tissue inflammation signals Antimicrobial immunity; autoimmune arthritis [41,42]
ILC3 IL-1B/IL-23 downstream of Intestinal homeostasis and antimicrobial defense; [43-46]
microbiota sensing; TL1A emergency granulopoiesis in colorectal cancer
ILC2 Allergic inflammation, infection; Pulmonary immunity; hematopoietic recovery [47-49]
hematopoietic stress

HSPCs PRR stimulation Candida albicans infection; tumor-bearing mice [50-52]

Fibroblast-like synoviocytes Th17-mediated inflammatory Autoimmune arthritis [53]
cytokines

Cardiac fibroblasts Tissue injury Cardiovascular inflammatory diseases [54,55]

Tumor cells/tumor-associated Tumor-derived inflammatory Cancer, immunosuppression or antitumor [56]

stromal cells signals

immunity

Note: AT2, alveolar epithelial type II cells; DCs, dendritic cells; GM-CSF, granulocyte-macrophage colony-stimulating factor; HSPCs, hematopoietic stem and
progenitor cells; IL-1p, interleukin-1 beta; IL-23, interleukin-23; ILC, innate lymphoid cell; IRA, innate response activator; MS, multiple sclerosis; NK, natural
killer; PRR, pattern-recognition receptor; TCR, T-cell receptor; Th, T helper; TL1A, tumor necrosis factor-like ligand 1A.

commitment by inducing lineage-defining transcrip-
tion programs [7,69—71]. Beyond regulating progenitor
expansion and lineage commitment, the sustained
expression of GM-CSFR throughout the myeloid pro-
genitor hierarchy suggests that GM-CSF signaling may
also influence the functional properties of downstream
progeny. Therefore, GM-CSFR on the surface of
HSPCs enables them to regulate myelopoiesis accord-
ingly, but it is also plausible that HSPCs may integrate
GM-CSF-derived signals to tune the inflammatory
potential of their downstream progeny, as previously
demonstrated in mature cells. These emerging concepts
are further discussed below.

3.3 GM-CSF during Emergency Myelopoiesis

The hematopoiesis process is highly controlled by sev-
eral cytokines, growth factors, and cell-cell interactions;
however, it shows flexibility and responsiveness to
sudden hematopoietic perturbations like blood loss,
infection, or other pathologic conditions that disrupt
the hematopoietic balance. Thus, a demand-adapted
hematopoietic response is developed to boost cellu-
lar lineages as required. In the context of infection
or injury, myeloid cells are rapidly consumed within
tissues and are replenished by mobilized bone mar-
row monocytes and neutrophils. This acute supply
is achieved by emergency myelopoiesis, consisting of
transcriptional, epigenetic and metabolic mechanisms

that act to prioritize rapid production of myeloid cells
at the expense of other lineages [72,73].

Infection-induced activation of HSPCs is mediated
by a combination of direct and indirect pathways.
On one side, HSPCs can directly recognize pathogen-
associated molecular patterns (PAMPs) that potentiate
their differentiation into myeloid cells by PRR interac-
tion [74-76]. On the other side, infection triggers the
production of cytokines and alarmins by hematopoi-
etic and non-hematopoietic cells, either systemically
or within the bone marrow niche, driving indirect
activation of HSPCs that potentiate and amplify
direct sensing.

CSFs that regulate homeostatic hematopoiesis can
play distinct roles during emergency myelopoiesis as
exemplified by GM-CSF. In classical studies using
GM-CSF-deficient mice, impaired GM-CSF signaling
resulted in defective control of Listeria monocytogenes
infection due to depletion of myeloid cells in the bone
marrow and diminished neutrophil recruitment into the
inflamed tissues [77]. Similarly, during chronic infec-
tion with Mycobacterium avium GM-CSF-deficient
mice showed impaired ability to increase BM myeloid
colony forming units (CFUs) in comparison to wild-
type controls [78].

In later works, Mitroulis and colleagues showed
that B-glucan administration in mice expands myeloid-
biased long-term HSCs (LT-HSCs) and multipotent
progenitors (MPPs) in association with increased 1L-1
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and GM-CSF signaling, leading to metabolic rewiring
of glucose and cholesterol pathways. Importantly,
they further demonstrated that B-glucan adminis-
tration upregulated GM-CSFR Bc chain expression
in HSPCs and activated downstream GM-CSFR
signaling, as revealed by increased STATS phos-
phorylation. Consistent with this, antibody-mediated
blockade of GM-CSF in B-glucan-treated mice dimin-
ished the expansion of hematopoietic progenitors in
comparison to B-glucan injection alone [79]. Together
with this, GM-CSF has been described to enhance
extramedullary hematopoiesis as shown by the traffick-
ing of HSPCs to the spleen, and their myeloid progeny
into tissues during some inflammatory diseases (such
as atherosclerosis or colitis) and cancer [51,80,81];
or to drive leukocyte invasion during myocardial
infarction by stimulating a distinct myeloid-biased
progenitor subset [54]. Accordingly, two recent stud-
ies have demonstrated that GM-CSF production by
BM-resident ILC2 drives emergency myelopoiesis in
the context of chemotherapy or aging-derived inflam-
mation. Firstly, Sudo et al. showed that GM-CSF
knockout mice treated with 5-FU revealed a severe
loss of myeloid lineage cells, which was rescued by
transferring BM ILC2s from wild-type mice [48]. In
line with this, Naef et al. demonstrated that secreted
myeloid differentiation factors (particularly GM-CSF
and IL-6) resulted in a myeloid-skewed HSC output
and reduced self-renewal [49].

In the context of fungal infections where GM-
CSF has been shown to be highly relevant, our
group has demonstrated that, in vivo C. albicans
challenge expands uncommitted progenitors, primes
them for enhanced differentiation in the bone mar-
row early during infection, and mobilizes them to the
spleen in a partially GM-CSF-dependent mechanism
as demonstrated by antibody-mediated blockade [52].
Additionally, we found upregulation of the Csf2rb gene,
the GM-CSFR fc chain, in bone marrow HSPCs very
early after infection in line with the aforementioned
reports [52].

4 Emerging Roles in Innate Inmune Memory

4.1 Innate Immune Memory in Mature Myeloid Cells

Immunological memory was traditionally considered
an exclusive trait of adaptive immunity, whereas innate
immunity was viewed as a rapid but nonspecific defense
system lacking long-term functional adaptation. How-
ever, memory-like properties of innate immune cells
have now been described across multiple vertebrate
and invertebrate species, revealing an evolutionarily
conserved mechanism of immune adaptation. In 2011,
the term “trained immunity” was first introduced to
describe the immunological memory acquired from
past insults that generates a protective inflammatory
response through innate immune cells [82]. Subsequent
studies demonstrated that similar molecular programs
have been implicated in generating the opposite out-
come, that is a diminished response upon secondary
stimulation, as classically described following LPS
exposure [83]. Accordingly, the broader concept of
“innate immune memory” is now used to encompass

both enhanced (trained immunity) and diminished (tol-
erance) secondary responses [84].

Innate immune memory is not antigen-specific but
instead provides broad protection against subsequent
challenges through long-term epigenetic remodel-
ing and metabolic rewiring that alter chromatin
accessibility and transcriptional responses upon res-
timulation [85,86]. Such programs can be triggered
by diverse microbial, but also nonmicrobial stimuli,
including GM-CSF. In this context, this cytokine
primes proinflammatory cytokine production upon
restimulation, inducing a trained phenotype in murine
macrophages and human monocytes [87,88]. Mecha-
nistically, GM-CSF stimulation of human monocytes
has been shown to regulate inflammatory responses
through coordinated STATS, Akt, and NF-xB signal-
ing upon microbial restimulation [89]. More recently,
an additional layer involving metabolic-epigenetic
crosstalk has been described, in which active Liver X
Receptor (LXR) signaling contributes to GM-CSF-
induced trained immunity in monocytes [90].

4.2 Central Innate Immune Memory

The concepts outlined above establish an impor-
tant distinction between quantitative adaptations of
hematopoiesis and qualitative changes in immune
function. While emergency myelopoiesis primarily
ensures rapid replenishment of myeloid cells during
inflammation, accumulating evidence indicates that
inflammatory stimuli can also durably reprogram
HSPCs, giving rise to the concept of central innate
immune memory.

While initial studies on innate immune memory
mainly focused on differentiated myeloid cells, the
persistence of trained responses in healthy volunteers
receiving the live vaccine bacillus Calmette-Guérin
(BCG) against tuberculosis endures from months up
to at least one year [91]. These long-lasting effects
strongly suggest that reprogramming might be taking
place at the level of progenitor cells, thereby sustaining
altered functional phenotypes beyond the lifespan of
innate immune cells. Central innate immune memory
proposes that stimulation of BM progenitors programs
their metabolic and epigenetic states, and these changes
are sustained through differentiation, ultimately gener-
ating progeny with altered phenotype, either trained or
tolerized, upon secondary challenge [92-94].

Two conceptual frameworks have emerged to
describe central innate immune memory in the cur-
rent literature. One defines it primarily as a sustained
change in lineage output (enhanced myelopoiesis)
as previously discussed, while the other emphasizes
the functional assessment of the derived mature
myeloid cells, focusing on their heightened responsive-
ness, cytokine production, and antimicrobial capacity.
Indeed, several studies have demonstrated that inflam-
matory signals driving emergency myelopoiesis can
also imprint long-term transcriptional and epige-
netic programs that shape these functional properties
of the downstream myeloid output. Indeed, this
functional HSPCs reprogramming can enhance host
protection against infection or inflammatory chal-
lenges [79,95,96]. In this context, our group revisited
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the C. albicans PCA2 live vaccine model [97] (with
a non-virulent strain) to better delve into the mech-
anisms by which HSPCs mediate protection against
reinfection with a virulent strain of C. albicans [52].
BM HSPCs are expanded and reprogrammed early
during infection to produce trained macrophages
when ex vivo differentiated, and to produce increased
amounts of proinflammatory cytokines themselves
upon restimulation. Besides, their adoptive transfer is
sufficient to protect mice against infection. Mecha-
nistically, transcriptomic analyses in HSPCs revealed
that autocrine GM-CSF signaling contributes to the
trained phenotype and is essential for vaccine-induced
protection [52].

This emerging evidence together with the
well-established role of GM-CSF in emergency
myelopoiesis, positions this cytokine as a strong
candidate regulator of functional reprogramming
in hematopoietic progenitors. However, the precise
mechanisms by which GM-CSF steers immune
memory across the hierarchical compartments of
bone marrow HSPCs to coordinate and sustain their
programming were not fully elucidated. Addressing
this question, our recent work supports a model
in which GM-CSFR expression levels across the
myelopoietic hierarchy appear to regulate opposing
innate memory programs that are long-lasting and
persist beyond primary hematopoietic reconstitution in
vivo. Mechanistically, myeloid-committed progenitors
express higher levels of the GM-CSFR subunits
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than uncommitted progenitors, enabling GM-CSF to
strongly activate the STATS5, ERK and PI3K/Akt-
mTOR pathways and generate trained macrophages
characterized by enhanced proinflammatory cytokine
responses. In these progenitors, ERK- and PI3K/Akt-
mediated inhibition of GSK3 promotes PB-catenin
accumulation, preventing NF-xB nuclear translocation
and favoring STATS5- and mTOR-dependent trained
programming (figure 2). In contrast, in upstream
uncommitted progenitors, GM-CSF triggers only weak
Akt and ERK activation but promotes translocation of
NF-xB to the nucleus, allowed by constitutively active
GSK3 and thereby low B-catenin levels, initiating a
tolerization program (figures 2 and 3). Importantly,
we further demonstrated that this stage-specific and
opposing immune programming was observed in
fungal infection-driven models of trained immunity
and was conserved in equivalent human bone marrow
progenitor populations [70]. While the role of GM-
CSFR expression levels and downstream STATS,
ERK and PI3K/Akt-mTOR signaling is supported
by several experimental studies, the integration of
these pathways with B-catenin signaling and NF-xB
regulation to generate divergent trained and tolerized
programs should be considered a recently proposed
mechanistic model that remains to be validated across
different biological settings. Importantly, the proposed
model should not be interpreted as suggesting that
GM-CSF alone is sufficient to determine the final
outcome of innate immune memory programming.
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Figure 3: Proposed model whereby GM-CSF differentially programs opposing innate immune memory states across the hematopoietic
hierarchy. Transient GM-CSF stimulation differentially programs hematopoietic progenitor subsets according to their stage of myeloid
commitment and GM-CSFR expression levels. Myeloid-committed progenitors (defined as LSK-CD34" Fcy R cells), which express
higher levels of GM-CSFR subunits and display strong activation of STATS, ERK, and Akt-mTOR signaling pathways, generate trained
macrophages characterized by enhanced proinflammatory responses upon secondary stimulation. In contrast, upstream uncommitted
progenitors identified as LSK™ progenitors (Lin~Sca-17¢-Kit* cells), exhibit lower GM-CSFR expression and preferential NF-xB
nuclear translocation, resulting in the generation of tolerized macrophages with reduced inflammatory activity [70]. These findings
support a model in which GM-CSF not only promotes myelopoiesis but also functionally programs distinct and opposing innate
immune memory states across the hematopoietic hierarchy, potentially balancing protective inflammation with prevention of excessive

immunopathology.
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Instead, GM-CSF signaling is likely integrated with
additional environmental cues, cytokines, metabolic
signals, and epigenetic regulators that collectively shape
the functional state ultimately acquired by HSPCs and
their progeny.

These observations support a model in which GM-
CSF signaling represents one mechanism by which
functionally divergent innate memory programs can
emerge in different hematopoietic compartments. We
propose that immediate myeloid-committed progeni-
tors preferentially adopt a trained program to enhance
rapid effector responses, whereas upstream progeni-
tors acquire a tolerized state that may limit excessive
inflammation and prevent cytokine-driven pathology
(figure 3) [70]. GM-CSF activity has long been related
to cytokine dose, duration of exposure, inflammatory
microenvironment and even combinatorial signaling
with other cytokines. This novel mechanism could pro-
vide an additional layer of regulation in how opposite
phenotypes are generated and the transition between
inflammatory and regulatory memory programs. It will
therefore be interesting to elucidate how these distinct
GM-CSF-derived programs contribute temporally to
immune responses in vivo, or across different patho-
logical contexts with potential implications for the
development of targeted immunomodulatory therapies.

5 GM-CSF Role in Disease and Clinical Relevance

As described throughout this review, GM-CSF plays a
key role at the intersection of hematopoiesis, inflam-
mation and disease. Beyond its well-known role in
triggering myeloid-differentiation, GM-CSF functions
as a context-dependent inflammatory cytokine that
reinforces myeloid cells for key effector functions in
tissues. However, the same properties that make this
cytokine a promising target in cytopenic, immunother-
apy or infectious settings, are the ones that need to
be blunted in inflammatory pathologies [20]. Given its
broad biological relevance, several therapeutic strate-
gies aiming either to enhance or to block GM-CSF
signaling are currently under investigation or already
approved in multiple clinical contexts. If GM-CSF
indeed contributes to central innate immune mem-
ory, therapeutic manipulation of this pathway may
have consequences beyond the immediate inflamma-
tory response. In addition to its acute effects on
mature myeloid cells, transient enhancement or inhibi-
tion of GM-CSF signaling could potentially influence
long-term HSPC programming, thereby modifying the
quantity and functional properties of myeloid cells
generated after treatment. Although this possibility
remains largely unexplored in humans, it provides an
attractive conceptual framework for interpreting both
the sustained therapeutic benefits and the delayed
adverse effects reported in different clinical settings.
Recombinant human GM-CSF (rhGM-CSF), also
referred to as Sargramostim or Leukine®, is clini-
cally used to accelerate myeloid reconstitution after
bone-marrow transplantation, improve survival in
patients exposed to myeloablative radiation, and
mobilize HSPCs to peripheral blood for leuka-
pheresis and autologous transplantation [98—100].
Besides in hematology, GM-CSF has also been

explored to reverse sepsis-associated immunosuppres-
sion. Randomized clinical trials have shown that
rhGM-CSF administration restores monocyte function
and improves leukocyte responsiveness, contributing
to sustained infection control and improved clinical
parameters [101]. Likewise, in severe invasive fungal
infections, particularly in neutropenic or otherwise
immunocompromised hosts, adjunctive thGM-CSF
treatment with antifungal therapy, has been associated
with improved neutrophil recovery, enhanced fungi-
cidal activity, and increased macrophage activation
and phagocytosis [102]. While the clinical benefits
of rhGM-CSF are attributed to accelerated myeloid
recovery and enhanced function of mature myeloid
cells, it remains possible that some of these effects
also involve functional reprogramming of HSPCs. If
GM-CSF induces persistent changes in hematopoietic
progenitors, transient therapeutic administration could
generate myeloid cells with enhanced antimicrobial
or immunoregulatory properties that persist beyond
the period of cytokine exposure. Whether such long-
term functional adaptation contributes to the efficacy
of thGM-CSF in transplantation, sepsis, or invasive
fungal infections remains unknown and deserves fur-
ther investigation.

In the context of Coronavirus disease 2019
(COVID-19), GM-CSF plays an essential role in
mediating alveolar macrophage homeostasis and
lung inflammation, in fact, inhaled GM-CSF was
assessed in patients with COVID-19-related acute
hypoxemic respiratory failure [103]. Conversely, in the
later stages of COVID-19, increased GM-CSF levels
lead to the activation of monocytes and macrophages
and may indirectly contribute to acute respiratory
distress syndrome contributing to lung damage. Here,
GM-CSF neutralization is associated with faster
clinical improvements and slower progression to
severe disease or death in some high-risk COVID-19
patients [104]. The timing-dependent effects observed
during COVID-19 further illustrate that the biological
consequences of GM-CSF signaling depend not only
on cytokine availability but also on the inflammatory
context in which signaling occurs. Whether therapeutic
modulation during different phases of disease also
influences subsequent HSPC programming or innate
immune adaptation remains an open question.

In the context of cancer, many tumors secrete GM-
CSF either directly from malignant cells or indirectly
through the immune and nonimmune compartments
of the tumor microenvironment, thereby reshaping
tumor-associated macrophage responses and systemic
myelopoiesis [12,105]. While in some settings this favors
the accumulation of immunosuppressive myeloid pop-
ulations (MDSCs) and tumor progression, GM-CSF
can also potentiate antitumor immunity. GM-CSF has
classically been used in cancer therapy as an immune
adjuvant, particularly in patients receiving chemother-
apy for solid tumors, enhancing myeloid recovery and
promoting humoral and cellular immune responses.
In addition, GM-CSF combined with immune check-
point blockade or cancer vaccine strategies has shown
promising antitumor activity in several settings. Clin-
ically, GM-CSF has been incorporated into approved
therapeutic vaccines for hormone refractory metastatic
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prostate cancer, based on patient immune cells acti-
vated ex vivo with a GM-CSF fusion protein; and
for the treatment of inoperable metastatic melanoma,
using an oncolytic herpesvirus engineered to express
GM-CSF [106,107].

By contrast, multiple studies have underscored
GM-CSF as a driver of tissue inflammation and
pain in diverse pathological settings including arthritis
and joint disease, neuroinflammation, lung inflam-
mation, cardiovascular injury, multiple sclerosis, and
autoimmunity [20]. Notably, pathological GM-CSF
signaling amplifies inflammatory cytokine production,
leukocyte recruitment, and tissue infiltration, thereby
contributing to chronic inflammation and tissue dam-
age. Consequently, genetic deletion and neutralization
studies in experimental models, together with early-
and mid-phase clinical trials, indicate that blocking
GM-CSF or its receptor may provide therapeutic ben-
efit in inflammatory disorders. Likewise, GM-CSF
blockade has shown protective effects in experimental
models of allergic airway inflammation and cardio-
vascular inflammatory disease, further supporting its
broad contribution to tissue-specific inflammatory
pathology. In fact, administration of monoclonal anti-
bodies against GM-CSF or to GMRa in rheumatoid
arthritis has shown encouraging efficacy signals and it
is generally well tolerated. Clinical trials have reported
overall improvements in inflammatory biomarkers,
with manageable adverse effects. Thus far, neither
blocking strategy has been associated with major pul-
monary toxicity [108,109]. However, these findings
should be interpreted cautiously. Prolonged or pro-
found systemic neutralization remains a theoretical
concern due to the essential role of GM-CSF in alveo-
lar macrophage maintenance and surfactant clearance,
as exemplified by pulmonary alveolar proteinosis, a
disease caused by defective GM-CSF signaling [12].

6 Concluding Remarks and Future Perspectives

Overall, the evidence discussed throughout this review
highlights the remarkable functional versatility of GM-
CSF and emphasizes the importance of considering
its biological effects within the appropriate cellu-
lar and inflammatory context. Accordingly, blockade
of the GM-CSF axis could theoretically compro-
mise protective mechanisms (emergency myelopoiesis,
antibacterial and antifungal host defenses, and tissue
repair following inflammatory injury) particularly in
individuals with chronic infections or impaired immune
function. Although such long-term consequences have
not yet been clearly demonstrated in clinical prac-
tice, they warrant careful evaluation as the therapeutic
use of GM-CSF-targeting agents continues to expand.
Future therapeutic strategies may benefit from more
selective approaches, including bispecific antibodies
combining GM-CSF blockade with cell type-specific
targeting, potentially limiting the systemic effects asso-
ciated with broad inhibition of the GM-CSF axis.
Taken together, GM-CSF emerges as a pleiotropic
yet therapeutically targetable cytokine whose context-
dependent effects can either enhance host defense
and tissue repair or amplify pathogenic inflammation.
This conceptual framework suggests that therapeutic
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manipulation of GM-CSF may not only influence
the immediate activation of mature myeloid cells but
could also modify the functional state of hematopoi-
etic progenitors, thereby shaping future innate immune
responses. Although direct evidence for such long-term
effects in humans is still lacking, integrating HSPC
programming into the interpretation of GM-CSF-
targeted therapies may improve our understanding of
both therapeutic efficacy and delayed adverse effects.
Future clinical studies should therefore evaluate not
only conventional inflammatory endpoints but also
biomarkers of long-term hematopoietic and innate
immune reprogramming.
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